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Adolescent idiopathic Scoliosis is a complex three-dimensional deformity of the 
thoracolumbar spine characterized by deformities in the sagittal, coronal, and axial 
planes. In patients with significant deformities, spinal fusion using pedicle screw 
instrumentation is a widely used method for surgical correction of the curve.  
Understanding the anatomy of the pedicles is essential to reduce the risk of 
neurovascular or visceral injury through pedicle screw misplacement. 
Through the use of unique datasets of computed tomography (CT) and magnetic 
resonance imaging (MRI) scans of adolescent idiopathic scoliosis patients and MRI 
scans of healthy control subjects, pedicle morphology and the relationship of the 
vertebrae to adjacent neurovascular structures was comprehensively analysed and 
compared both to healthy controls and over time as the curves progressed.   
Clinically important asymmetry in the morphology of pedicles of individuals with 
adolescent idiopathic scoliosis (right sided deformity) was identified.  The pedicles on 
the left side of the curve were smaller in height and width periapically when 
compared to the right side of the curve. Furthermore, the trajectory of the pedicle 
had a more posterolateral to anteromedial direction on the left side near the apex of 
the curve.  The dural sac was closer to the left side of the curve, while the aorta was 
further away from the vertebrae when compared to the healthy controls, with the 
most marked differences around the apex of the curve.  When compared over time 
these asymmetries progressed as the patient aged.  Knowledge of these anatomic 
variations is essential when performing scoliosis correction surgery to assist with 
selecting the correct pedicle screw size and trajectory to reduce the risk of pedicle 
wall perforation and neurovascular injury.  
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Chapter 1 Introduction, Background and Literature Review 
 Introduction 
Adolescent Idiopathic Scoliosis (AIS) is a complex three-dimensional deformity of 
the spine characterized by abnormal development in the sagittal, coronal and axial 
planes (Figure 1.1).  It is the most common form of scoliosis, affecting 
approximately 2-3% of children aged between the ages of 10 and 16 years[72].  The 
incidence of AIS is about the same in males and females; however females have up 
to a 10-fold greater risk of curve progression[24, 49, 64].   
This deformity if left untreated can progress to a state whereby it causes disability 
including pain, abnormal posture, trunk imbalance and impaired cardiorespiratory 
function[24].  Additionally, its visible deformity can cause significant physical 
dissatisfaction.  The exact pathophysiological mechanism for scoliosis is unknown, 
with current theories postulating it is a polygenic disorder with multiple inheritance 
patterns[43]. 
 
Figure 1.1: Radiological coronal image of a patient with AIS. 
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Posterior spinal fusion using pedicle screw instrumentation is a widely used method 
for surgical correction in progressive and/or severe AIS curves (Figure 1.2).  Multiple 
studies have reported on the curve correction achieved, the desired levels to 
include in the fusion, the incidence of implant complications and long term 
deformity correction outcomes when compared to other AIS surgical correction 
approaches[5, 8, 22, 36, 60, 61].   
   
Figure 1.2: AIS. A: Pre-operative coronal radiograph.  B: Post-operative coronal radiograph showing 
posterior spinal fusion using pedicle screws and rods. 
Due to the complexity of spinal surgery particularly in AIS spines, it is essential for 
the spine surgeon to have a comprehensive understanding of the morphometric 
anatomy of the thoracic and lumbar spine.  Although newly developed navigation 
techniques may improve pedicle screw placement, it is still vital to have this 
knowledge in order to assist with selecting the appropriate screw starting point, 
screw size and screw trajectory thus reducing the risk of pedicle screw 
misplacement which may potentially cause serious neurological, vascular or visceral 
injury[25, 26, 30, 65, 69].   
To date there have been many studies examining several  different aspects of 
pedicle morphology and placement of pedicle screws in normal and AIS spines using 
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a variety of definitions and measuring modalities[37, 56, 67, 68, 75, 77].  The 
majority of these studies have identified clear asymmetry in the pedicle widths 
between the left and right sides of the curve. 
There are, however, clear knowledge gaps and inconsistent findings with regard to 
the rest of the pedicle morphology.  This study aimed to look at the pedicle 
morphology in AIS patients more comprehensively and with a more clinically 
relevant measurement method.  To achieve this, the study looked at a multitude of 
different parameters in both historical low-dose computed tomography (CT) studies 
as well as Magnetic Resonance Imaging (MRI) studies of patients with AIS and 
compared them to patients without scoliosis.  This study aimed to provide a 
complete picture of pedicle morphology and its evolution in AIS.  This study will 
provide clinically relevant information to clinicians treating this condition both 
conservatively and surgically. 
 
 Background 
 Vertebral Anatomy 
The spinal column consists of 33 vertebral bony segments divided into five major 
segments, the cervical (7 vertebrae), thoracic (12 vertebrae), lumbar (5 vertebrae), 
sacral (5 fused vertebrae) and coccygeal (4 vertebrae) segments (Figure 1.3).  The 
vertebral column functions to support the trunk, protect the spinal cord and nerves 
and to provide attachment for muscles[62].   
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Figure 1.3: The vertebral column consists of 7 cervical, 12 thoracic, 5 lumbar, 5 fused sacral and 4 
coccygeal segments. Adapted from [62]. 
 
Each presacral segment (except the first two cervical) is separated from its 
neighbour by a fibrocartilaginous intervertebral disc.  The primary role of these 
intervertebral discs is to facilitate vertebral motion by providing flexible joints 
between the vertebral bodies.  They consist of an outer fibrous structure known as 





Sacral and Coccygeal Segment 
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Figure 1.4: Intervertebral disc. Adapted from [13]. 
A typical vertebra has a ventral body and a dorsal vertebral arch which surrounds a 
vertebral foramen.  The cylindroid vertebral body varies in size, shape and 
proportions in the different segments of the vertebral column.  The dorsal vertebral 
arch is made up of the pedicle ventrally and the lamina dorsally. The pedicle, a 
short, thick, rounded structure projects from the superior dorsolateral aspect of the 
vertebral body.  Paired transverse, superior and inferior articular processes project 
from the junction between the lamina and pedicle.  A median spinous process 
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Figure 1.5: Typical vertebrae. A: Superior view; B: Lateral view.  Figure reproduced from [3]. 
 
 Adolescent Idiopathic Scoliosis 
Scoliosis is a three dimensional spinal deformity defined as a lateral curvature of 
the spine in the coronal plane of more than 10°[27, 28].  It can be subcategorised as 
congenital, syndrome or idiopathic.  Idiopathic scoliosis, whereby no known cause 
has been identified, can also be subdivided based on the age of onset with infantile 
idiopathic scoliosis referring to patients who develop scoliosis aged 0-3 yrs, juvenile 
idiopathic scoliosis referring to patients developing scoliosis between the ages of 4-
Chapter 1 Introduction, Background and Literature Review  7 
 
10 and AIS referring to people who develop scoliosis after the age of 10 years[15].  
According to epidemiological studies, 2-3% of children aged 10-16 years will have 
some degree of spinal curvature, although most curves will not be severe enough to 
require any treatment[46, 72].  
There are several theories on the aetiology of AIS including mechanical, metabolic, 
hormonal, neuromuscular, growth and genetic abnormalities.  While no specific 
pathophysiological cause has been identified, the current viewpoint is that AIS is a 
multifactorial disease with predisposing genetic factors[15].  
AIS normally presents with the patient, family member, general practitioner or 
school nurse noticing asymmetrical waist lines, uneven shoulders or rib 
prominences[15].  This is in turn followed by a focused history and clinical 
examination to rule out known causes of scoliosis as well as a standing full spine X-
ray to evaluate the curve. Once other causes have been ruled out, a diagnosis of AIS 
can be made.   
The majority of patients with AIS will not need surgical intervention[46]. Decisions 
on conservative vs surgical treatment are based heavily on the child’s level of 
skeletal maturity and the severity of the curve[15].  
A child’s level of skeletal maturity can be established through various methods with 
the most common radiological assessment being to compare an X-ray of the left 
wrist to the Greulich and Pyle atlas [21].  In general, the long bone growth plates 
close at 15 to 17 years in males and 13 to 15 years of age in females.  The axial 
skeleton however matures a few years later than the limbs and thus for children 
with scoliosis, the status of the iliac apophysis of the pelvis is more commonly used 
to assess skeletal maturity.  The maturity of this iliac apophysis is known as Risser’s 
Sign[50].   
The iliac apophysis of the pelvis is bone that arises from a separate ossification 
centre and then fuses with the iliac bone predictably over the course of skeletal 
maturity.  On a pelvic X-ray, the iliac apophysis first appears laterally, then as the 
patient approaches skeletal maturity, it moves medially towards the spine (Figure 
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1.6). Risser’s sign grades this maturation process on a scale of 0-5 with grade 5 
indicating that skeletal maturity has been reached[50].  Children usually progress 
from a Risser grade 1 to a grade 5 over a four year period (Table 1)[4]. As a child’s 
scoliotic deformity normally becomes static once skeletal maturity [51] has been 
reached, monitoring the Risser sign is crucial for guiding treatment options and 
predicting curve progression[39].  
The iliac bone apophysis is used rather than the vertebral growth plates as it is 
much easier to visualise and determine on a plain X-ray but also coincides well with 
the vertebral growth completion.  
 
Figure 1.6: Illustration of the six Risser stages (0-5) of skeletal maturity, denoting the course of the 
apophysis from the anterior to the posterior iliac spine followed by fusion with the iliac bone.  
Illustration from [49]. 
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Table 1: Risser grading and definition. Adapted from [50, 54]. 
Grading Definition Maturity level 
Average age (yrs) 
Male Female 
Risser 1 
25% of iliac apophysis 
ossification occurring at the 





50% iliac apophysis 
ossification. Ossification 
extends halfway across the 
iliac wing 
Seen just before 










100% ossification with no 
fusion to iliac crest 
Indicates further 
slowing of growth 
17.0 16.2 
Risser 5 










The severity of the scoliotic curve is assessed using the Cobb angle[28].  This angle 
is identified on a full length postero-anterior plain radiograph by identifying the 
superior and inferior vertebrae in the curve – the vertebrae with the greatest tilt at 
the rostral and caudal ends of the curve.  A line is then drawn parallel to the 
superior endplate of the rostral vertebra and another line is drawn parallel to the 
inferior endplate of the caudal vertebrae.  The angle between the intersection of 
these lines is the Cobb angle (Figure 1.7). 
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Figure 1.7: Cobb angle. The angle between the superior endplate of the superior end vertebra and 
the inferior endplate of the inferior end vertebra is ‘a’.  For convenience, two lines perpendicular 
to these lines can be drawn creating angle ‘b’, identical to angle ‘a’. Picture adapted from [28]. 
The risk of curve progression can be estimated by taking into account the patient’s 
sex, time of menarche and growth potential as well as the magnitude of the curve 
on presentation[24].  
For curves with a Cobb angle <25°, observation and regular follow up is the most 
common approach[15].  For curves with a Cobb angle 25°-45°, controversy exists 
over treatment.  The aim at this stage is to halt the progression of the curve.  Braces 
have been used with the theory that they provide external forces to guide the 
growth of the spine, however no high level evidence exists documenting their 
effectiveness in avoiding curve progression.  Similarly physical therapy has also 
been prescribed, however again there is no definitive evidence for its effectiveness. 
Additionally, when a brace is prescribed, it is important to note that patient 
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compliance can be low due to psychosocial and body image concerns.  The most 
widely accepted practice for brace treatment is for patients with curves 25°-45°, 
who are rapidly growing (Risser stage 0 or 1), with rapid defined as an increase in 
Cobb angle of more than 5° in less than 4-6 months[15].  
Surgical treatment is generally indicated to treat a significant clinical deformity or 
correct one that is likely to progress[15]. A significant clinical deformity is 
commonly regarded as a Cobb angle greater than 45°-50°.  This recommendation is 
based on studies showing that curves >50° tend to continue to progress slowly even 
after skeletal maturity[73]. 
Surgical treatment options can differ depending on curve type, operative goal and 
the age of the patient.  One common approach is a posterior midline longitudinal 
incision and insertion of screws into the pedicles of the vertebrae.  These screws 
are then connected with two metal rods which are contoured to straighten the 
spine’s curve (Figure 1.2).  The posterior aspect of the spine is then prepared for 
fusion through application of bone graft and/or bone substitute. The child will 
normally spend the next 7 to 10 days in hospital recovering.  The recovery takes 
several months with regular clinical and radiological follow ups. 
An important AIS classification system used by spinal surgeons to determine 
surgical treatment options is the Lenke classification[33].  This classification is based 
on coronal and sagittal plane radiographs and divides AIS patients into 6 different 
groups based on their curve type and location (Figure 1.8).  
 
Figure 1.8: Lenke classification. Adapted from [33]. 
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The aim of surgical treatment is to improve cosmetic appearance, pain, abnormal 
posture, trunk imbalance, cardiorespiratory function, spinal alignment and to arrest 
curve progression.  Surgical correction, however, is not without its risks and 
complications.  Although uncommon, major complications include infection, non-
union of the spine, implant failure or damage to neurovascular structures[36, 55, 
69]. 
 Importance of Understanding Pedicle anatomy in Adolescent Idiopathic 
Scoliosis Patients  
When performing pedicle screw instrumentation surgery, it is important for the 
operating surgeon to have a comprehensive knowledge of the spinal anatomy since 
pedicle screw misplacements carry significant risk. Incorrect pedicle screw size 
(diameter) and length selection can result in pedicle wall expansion,  fracture or 
breach, or anterior cortex breach (Figure 1.9), all of which could result in the 
potential for neurovascular injury, visceral injury or loss of secure fixation[34, 69].  
Understanding pedicle anatomy is even more critical in AIS patients where the 
anatomy is asymmetrically distorted, with the severity fluctuating throughout the 
scoliotic vertebral levels involved. While epidural ‘safe’ zones of 2-3mm[52] or 0-
4mm[19] medially have been reported in normal spines, an MRI study on AIS 
patients,[35] indicates the dural sac at the concavity of the spine can be in direct 
contact with the medial pedicle margin.  Additionally, anteriorly and laterally, the 
aorta can often be found <5mm away from the vertebral body in the middle and 
lower thoracic spine[35, 69].    
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Figure 1.9: Post-operative CT scan showing right screw tip anterior cortical breach in the thoracic 
vertebrae. Image from [34]. 
 Imaging Modalities 
Imaging modalities including Radiography, Computed tomography (CT) and 
magnetic resonance imaging (MRI) play crucial roles in the diagnosis, monitoring 
and management of scoliosis. Imaging allows the measurement of angulation (Cobb 
angle), degree of vertebral rotation as well as longitudinal extent of spinal 
involvement (Lenke Classification[33]).  It also allows the identification of any 
underlying cause for the scoliosis as well as providing a guide for surgical treatment 
and evaluation of any post-operative complications[28].   
Plain radiography is the mainstay for initial diagnosis, follow up and monitoring.  
However, it is important to realise the limitations that exist as a result of using a 
two dimensional static image to measure a three dimensional dynamic 
deformity[28].  Intraobserver and interobserver variation of 5°-10° in Cobb angle 
measurements is reported[41].  Additionally due to the rotational element of the 
condition, patient positioning for the scan may result in Cobb angle variation of up 
to 20%[20].  Furthermore, studies have shown that the curve itself has a diurnal 
variation with a Cobb angle deviation of up to 5° with the angular increase 
occurring in the afternoon[6].  Thus from a clinical point of view, curve progression 
is defined as a Cobb angle increase of more than 5° between radiographic 
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examinations.  In addition to Cobb angle, plain X-rays can also be used to identify 
primary and secondary curves, assess for structural vs non-structural curves, assess 
for flexibility of the curve, assess for vertebral alignment and balance, define 
skeletal maturity and provide information on vertebral rotation[28]. 
While plain radiography is the mainstay for initial diagnosis, follow up and 
monitoring, CT and MRI are primarily used to identify an underlying cause, guide 
surgical treatment and evaluate any post-operative complications. With regards to 
identifying underlying causes, CT scans assist in diagnosing complex osseous 
deformities while MRIs are used to investigate unusual curve patterns or associated 
clinical manifestations[28].  
In respect to guiding surgical treatment, CT scans provide information on pedicle 
morphometry and assist with planning for complex osseous deformities, while MRIs 
provide information on the proximity of neurological and vascular structures.  CT 
scans can also be used intra-operatively and can be used to develop three 
dimensional reconstructions of the spinal anatomy allowing more accurate 
visualisation of the pedicles.  
For any new neurological deficit that occurs post pedicle screw placement, CT scans 
are the recommended imaging modality[28]. In recent years due to the radiation 
dose associated with CT scans and the improved quality of MRI, MRI is now being 
used pre-operatively for osseous anatomical abnormality detection.   
 Literature Review of Vertebral Pedicle Anatomy 
 Pedicle Morphology 
There have been several previous studies looking at various aspects of pedicle 
morphometry in AIS patients.  Although direct measurement using cadaveric 
specimens is the gold standard for anatomical studies, sourcing adolescent 
cadavers with spinal deformities of operable severity and of sufficient numbers can 
be difficult and as such the majority of studies have used MRI and CT scans.  CT 
scans have been shown to have good correlation with direct measurement using 
cadaveric specimens for anatomical measurements of spinal anatomy[31, 40].  
Chapter 1 Introduction, Background and Literature Review  15 
 
However, as MRI bone resolution improves, CTs are being used sparingly due to the 
exposure of young children to unnecessary radiation.  
Although the majority of AIS curves are right sided curves, several of the studies in 
the literature looked at right sided and left sided curves.  Therefore in this section, 
the pedicles will be referred to as the concave and the convex pedicles. 
 
1.3.1.1 Pedicle Width & Height 
With the pedicle width (Figure 1.10) being the smallest cross-section diameter in 
the pedicle, it has been the most extensively studied as it dictates the pedicle screw 
diameter.  The majority of studies have identified that the pedicle width is reduced 
at the concavity of the curve when compared to the convex side[1, 9, 35, 37, 45, 56, 
75]. 
 
Figure 1.10  Axial slice of vertebrae. Transverse outer cortical pedicle width (distance between 
points A and point C); Transverse inner cortical pedicle width (Distance between points B and 
point D).  
Liljenqvist et al.[37] used CT scans to look at 337 pedicles in 29 patients with AIS 
and found that the pedicle width on the concave side of the curve was smaller than 
the pedicle width on the convex side of the curve in the apical region of the thoracic 
spine. Similarly Abul-Kasim et al.[1] looked at 61 Lenke type 1 curves and found that 
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there were significantly smaller pedicles around the apex on the concave side of the 
curve.  Furthermore, Upendra et al.[67] looked at the CT scans of 24 patients with 
AIS and found the pedicle width to be consistently smaller on the concave side in 
comparison to the convex side of the curve.  However, this finding is not unanimous 
amongst studies with Catan et al.[9] looking at 310 pedicles in 12 patients finding 
although the pedicles were smaller at the periapical region, there was no significant 
difference between the two.  One could postulate this may be due to not enough 
power in the study due to a smaller patient cohort.   
Amongst these studies, there was a discrepancy over whether the inner cortical or 
outer cortical pedicle width is most important. Liljenqvist et al.[37] measured inner 
pedicle width as they believed that it corresponded more accurately to the effective 
pedicle diameter with respect to screw size selection. O’Brien et al.[42] commented 
however that, although ideally thoracic pedicle screws would be matched to the 
inner diameter, in adolescents pedicle screws with up to 115% of the outer cortical 
diameter can be safely inserted without disruption to the pedicle or purchase of the 
screw[42]. 
As pedicle height (Figure 1.11) was felt to be relatively less important clinically due 
to its larger size, fewer studies have analysed this measurement.  In three studies 
that have looked at pedicle height, two[9, 45] found no difference between the 
concave and convex side of the curve, while one[35] found a smaller pedicle height 
on the concave side around the apex of the curve. 
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Figure 1.11: Sagittal slice of a vertebra.  Outer cortical margin pedicle height (Distance between 
point J and point L); Inner cortical margin pedicle height (Distance between point K and point M).   
1.3.1.2 Chord and Pedicle Length 
While pedicle width dictates screw diameter, chord length (Figure 1.12) dictates the 
pedicle screw length that can safely be used without risk of anterior vertebral body 
cortex perforation.  Similar to normal spines, the chord length increases from 
cephalad to caudal in AIS patients[9, 37].  Two studies however identified that the 
chord length was statistically longer on the concave side of the curve compared to 
the convex[9, 25].  Given both these studies found no significant difference 
between the pedicle length on the concave and convex sides of the curve (Figure 
1.12), it could be inferred that the length from the anterior cortex of the vertebral 
body to the anterior aspect of the pedicle along the pedicle axis is longer on the 
concave side around the apex.  Zindrick et al.[78] postulated that this asymmetry 
could be explained by the fact that with the rotational deformity in the scoliotic 
spine, the vertebral body veers towards the concavity in the transverse plane which 
results in slightly longer chord length on the concave side over the apical 
region[78].   
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Figure 1.12: Axial slice of a vertebra.  Pedicle length (Distance between point F and Point G); Chord 
length (Distance between point E and point F); Transverse pedicle angle (Angle formed between 
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1.3.1.3 Pedicle Angles 
While pedicle width and chord length dictate screw diameter and length 
respectively, pedicle angles dictate the trajectory at which the screw is inserted in 
both the sagittal and axial planes. In spines without deformity, the transverse 
pedicle angle (TPA) (Figure 1.12) has been shown to gradually decrease from T1 to 
T12 before increasing again in the lumbar spine[14, 68, 78].  This means that in the 
upper thoracic spine, the pedicle is angled more from a posterolateral to 
anteromedial direction, while in the lower thoracic spine, it is orientated in a more 
posterior to anterior direction. The literature is divided over the behaviour of 
transverse pedicle angles in AIS patients with two studies[25, 35] finding a larger 
TPA on the concave side of the curve around the apex, while three studies[9, 22, 
77] found no asymmetry in the angles and that they followed the trend seen in 
normal spines. 
The angulation measurements in all the studies were the most variable.  This could 
be due to discrepancies amongst the studies including angular definitions, or due to 
limitations in measuring these parameters resulting from slice thickness and voxel 
size of the scans.  Additionally the sagittal pedicle angle (Figure 1.13) definition was 
not consistent amongst the studies in which it was measured [9, 14, 77, 78]. Some 
studies reported the sagittal pedicle angle in an anterior inferior to superior 
posterior angulation[14, 77], while others defined the angle from an anterior 





Figure 1.14: Sagittal pedicle angle definition variations. a: SPA, designated by the letter C as 
defined by Catan et al.[9] & Zindrick et al.[77]. b: SPA as defined by Ebraheim et al.[14]. 
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1.3.1.4 Distance to Neurovascular Structures 
The vertebral column is adjacent to several vital neurovascular structures such as 
the aorta and spinal cord.  Incorrect insertion of pedicle screws resulting in cortical 
breaches can potentially lead to significant injuries to these structures.   
With respect to the vertebral body, the aorta runs from an anterolateral (to the 
left) position in the rostral and middle parts of the thorax to an anterior midline 
position in the caudal parts of the thorax.  Therefore, pedicle screw cortical 
perforation anterolaterally in the rostral and middle aspects and anterior 
perforation in the caudal aspects of the thorax may endanger the aorta.  Distances 
on adult cadaveric non-scoliotic spines between the vertebrae and aorta have been 
measured as <5mm between T6-T12[69].  A study looking at MRI scans of AIS 
patients found the closest distance between the thoracic aorta and the vertebral 
body was on average 6mm to T4-T6, 7mm at T7-T9, 4mm at T10, 2mm at T11 and 
3mm T12-L5[35].  Sucato and Duchene[57] identified that the position of the aorta 
in AIS patients compared with healthy controls was more posterior and lateral.   
Even with only minor cortical penetration, indentation of the aorta by a screw in 
bovine models has the potential to cause acute and chronic histopathological and 
biomechanical changes in the vessel wall[16].  
In regards to the dural sac, the width of the epidural space was smaller on the 
concave side of the curve compared with the convex side of the curve with this 
most pronounced at the apex of the curve[35, 70].  Distance wise, this equated to 
<1mm at the thoracic apical vertebral levels on the concave side of the curve, 
whereas it was between 3mm to 5mm on the right side[35].    
In addition to the aorta and the spinal cord, other significant structures at risk from 
pedicle screw malpositioning include the azygous vein, oesophagus, hemiazygous 
vein, inferior vena cava, right and left atria of the heart, parietal pleura, the lungs, 
the crus of the diaphragm and the sympathetic chain[69]. However, with the 
exception of the aorta and spinal cord, these aforementioned structures will not be 
the focus of the current study. 
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 Pedicle Screw Insertion 
Optimal screw insertion depends on many factors and can be measured by evaluating 
the pull out strength, which refers to how strong and secure the pedicle screw is 
within the pedicle.  This is influenced by screw diameter, vertebral penetration, 
patient’s bone quality and insertion technique[58].  Increased pedicle screw 
diameter increases pull out strength with screw diameters up to 115% of pedicle 
diameter able to be safely inserted in adolescents due to plastic deformation[18, 42].  
A screw length equivalent to 70% of the distance to the anterior cortex from the entry 
point is shown to be optimal, as it avoids vascular or visceral injury from anterior 
cortex breach while providing an effective pull out strength.  The straight forward 
(screw parallel to vertebral end plate) and the anatomical (screw in line with the 
pedicle axis) trajectories are the most common screw insertion techniques used with 
the straight-forward test showing at least 39% higher insertional torque when 
compared to the anatomical technique[32].  Salvage techniques include insertion of 
the pedicle screws through the pedicle-rib unit which involves deliberate lateral wall 
breach (in-and-out technique)[74].  While this technique can be used for smaller 
deformed pedicles, it has a decreased pull-out strength and increased risk of cut-out 
during correction[58].  
The diligent use of anatomical landmarks in free-hand techniques and the visual and 
tactile feedback by an experienced surgeon improves pedicle screw insertion[29, 59, 
60, 68].  While the use of fluoroscopy and intra-operative CT guidance systems 
increases the accuracy of screw insertion, this is at the expense of availability, 
increased cost and radiation exposure[12, 23, 66].  Intraoperative somatosensory 
and motor monitoring has considerably reduced the neurology complication 
rate[23].  
 
 Pedicle Morphology in Healthy Non-scoliotic Patients  
When looking at pedicle morphology, to know what is abnormal in AIS patients, one 
must first understand how pedicles are shaped in healthy non-scoliotic patients.  
While several morphological studies have been conducted in adult spines[14, 44, 
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68] only a few have looked at the immature healthy spine[17, 76, 77].  The ideal 
pedicle morphology study of the immature spine would be a spinal CT scan studying 
all levels in a modern paediatric population but to date, this is not evident in the 
literature.  
A cadaveric study by Zindrick et al., 2000 [77] looked at 75 skeletal specimens of 
patients ranged from 3 to 19 years of age and then compared them to their study of 
healthy adult patients[78].  The results showed that the immature spine followed 
the same trends but were proportionally smaller than the adult spine.  The pedicle 
width, pedicle height and chord were symmetrical and increased caudally, from T4-
T12.  The transverse pedicle angle decreased from T4-T12.  The transverse pedicle 
angles are oriented from posterolateral to anteromedial, with this angle decreasing 
around the thoracolumbar junction where the angle may be neutral (parallel to the 
midline) or even reversed in some studies[76]. 
Of interest to note, it was identified that the spinal canal (measured as the 
interpedicular distance in skeletal specimens) was nearly fully mature by 4 years of 
age[47, 77], suggesting that any pedicle growth that occurred, grew from the lateral 
side of the pedicle.  
 
Chapter 2 Study Objectives   23 
 
Chapter 2 Study Objectives 
 Overview 
This project aimed to provide a comprehensive analysis of the pedicle 
morphometry in AIS patients.  The analysis was scrutinized for reliability through 
the use of intra- and inter-observer variability.  Furthermore this project aimed to 
investigate how the pedicles and their relationships with neurovascular structures 
changed over time as curves progress. 
In the first stage of this study, a historical CT dataset of pre-operative AIS patients 
was used to comprehensively analyse the pedicle morphometry as well as validate 
the reliability of the measurements through intra- and interobserver variability 
analysis.  
In the second stage of this study, MRI scans were used to further assess the pedicle 
morphometry, building on the same methods and principles applied in the first 
study.  This study was unique in that it used progressive MRI scans of patients with 
AIS to identify how the pedicles change over time and how this relates to the 
changes in the AIS curve.  These scans were compared to progressive MRI scans of a 
healthy control dataset, also unique in the literature.  The AIS scan measurements 
were also subjected to intra- and inter-observer variability analysis. 
This project aimed to assist spine surgeons by providing them with critical 
information regarding pedicle anatomy and its changes over time as well as assist 
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 Research Questions 
1. Is the pedicle morphology in AIS patients different on the left compared to 
the right side of the curve?  
 
2. Can MRI scans be used as a suitable substitute for CT scans for precise and 
repeatable measurements of pedicle morphometry in AIS patients? 
 
3. Is the pedicle morphology asymmetry in AIS patients also seen in healthy 
non-scoliotic subjects? 
 
4. How does the pedicle morphology in AIS and healthy non-scoliotic subjects 
change over time? 
 
5. What is the relationship between neurovascular structures and the 
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 Significance & Impact of Research 
Information regarding the altered pedicle anatomy in AIS patients will provide spine 
surgeons performing posterior pedicle screw corrective surgery with critical 
knowledge to assist them in accurately selecting: 
 The appropriate screw starting point 
 Screw size 
 Screw trajectory 
This knowledge should reduce the risk of pedicle screw misplacement which may 
cause neurological, vascular or visceral injury.   
Additionally, by looking at the pedicles and their changes over time, we hope to 
provide valuable information that may assist in understanding the pathophysiology 
of AIS.  
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Chapter 3 Methods 
 Summary 
Two separate studies were conducted. The first study looked at the pedicle 
morphology of preoperative AIS patients using CT scans.  The second study looked 




Ethical approval for this project was granted by the Queensland University of 
Technology, Lady Cilento Children’s Hospital and Mater Health Services Human 
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- QUT: 1200000281 
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 Analysis of Pedicle Morphometry in Adolescent Idiopathic Scoliosis 
using Computed Tomography Scans 
 Patient Demographics 
Between 2007 and 2009 a total of 27 patients with AIS were surgically treated by 
two experienced spinal surgeons.  In the weeks prior to their operation, every 
patient underwent a CT scan as was the standard of care at that time.  22 patients 
(81%) (Table 2) were selected for analysis in this study based on the following 
inclusion criteria: 
(1) A clinical diagnosis of AIS 
(2) Female 
(3) Major right-sided thoracic curve confined to the thoracic region 
(4) Lenke  type 1 curve [33] 
The 5 patients excluded were  
(1) Male 
(2) Curve not confined to the thorax 
(3) Incomplete data 
(4) Lenke type 4 curve 
(5) Hemivertebrae.  
 All Cobb angle measurements, Risser grading[50] and Lenke classifications were 
performed by two highly experienced spinal orthopaedic surgeons who 
subsequently performed the surgery.  The selection criteria used were adapted 
from a study undertaken by the Paediatric Spine Research Group[38].  
Table 2: Demographics for AIS CT scan study. 
 Mean 
Number of Subjects 22 
Age (years) 15.7 ± 2.5 
Weight (kg) 56.3 ± 12.2 
Where applicable values are presented as the Mean ± Standard Deviation 
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 Computed Tomography Scanning Protocol  
Scans were performed from T1 to S1 with the patient in the supine position on 
Brilliance 64 (Phillips Healthcare, Amsterdam, Netherlands) or LightSpeed® VCT (GE 
Healthcare, Buckinghamshire, United Kingdom) machines with X-ray source voltage 
of 80 to 120 kVP. The source current range was 29 to 65mA for all scans, with the 
exception of one scan in which the operator inadvertently did not follow the low-
dose protocol, resulting in a source current of 119 mA.  The voxel dimensions of the 
scans were between 0.49 x 0.49 x 1.00 mm and 0.78 x 0.78 x 1.25 mm.  Dose 
reports were commissioned for both scanners with the highest estimated radiation 
dose of 3.0 mSv occurring with the GE LightSpeed® VCT scanner, with uncertainties 
owing to the dose model in the order of ± 20%.  Estimated radiation doses for the 
Phillips Brilliance 64-slice CT scanner were substantially lower in the order of 2.0 
mSv [53].  By comparison, the combined dose for posteroanterior and lateral 
standing radiographs is approximately 1.0 mSv, and the annual background 
radiation in Queensland, Australia is approximately 2.0 mSv.   
 
 Image Processing  
The scans were measured using the imaging software AMIRA 5.5.0 (FEI, Hillsboro, 
OR, USA).  Each CT scan was opened using AMIRA with synchronized axial, coronal, 
and sagittal displays.  The image contrast levels were standardized to enable clear 
soft tissue and bone demarcation at the vertebral pedicles.  The relevant vertebral 
body was identified by counting upward from the sacrum and confirmed by 
counting the rib levels superiorly and inferiorly.  For the pedicle to be measured, 
the local axial viewing plane (Figure 3.1A) was adjusted to be parallel to the 
superior and inferior endplates of the vertebrae in question (Figure 3.1C) and 
aligned with the pedicle axis (Figure 3.1A).  When the superior and inferior endplate 
planes were not parallel owing to vertebral wedging, an orientation approximately 
halfway between (ie, bisecting) the two endplate inclinations was selected.  The 
local sagittal viewing plane (Figure 3.1B) was then adjusted such that it was in line 
with the pedicle axis and perpendicular to the local axial plane (Green Line in Figure 
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3.1A).  The right pedicle was identified in a similar manner and the local viewing 
plane orientation again adjusted to be in line with the right pedicle axis in the axial 








Figure 3.1: A: Local axial viewing plane with sagittal slice (green line) in line with pedicle axis; B: 
Local sagittal viewing plane with axial slice (red line) in line with pedicle axis; C: Local coronal 
viewing plane with axial slice (red line) approximately parallel to superior and inferior endplates.  
 
 Measurement of Anatomic Landmarks 
The three-dimensional coordinates of 17 anatomical points (points A through Q) 
were identified on each pedicle (34 in total for each vertebra) (Table 3).  The 
appropriate distances and angles between these points (pedicle width, inner 
cortical pedicle width, pedicle length, chord length, transverse pedicle angle, 
pedicle height, inner cortical pedicle height and sagittal pedicle angle) were then 
calculated.  These measurement definitions are similar to those described in the 
literature [14, 35, 37, 68],  however measurements were taken with the coronal, 
sagittal, and axial planes oriented to more accurately represent the anatomical axes 
of the pedicle.  
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Table 3: A CT scans identifying landmarks, lines and angles measured; B: Description of landmarks; 
C: Description of distances and angles measured. Note: Clinical CT scan images are presented such 
that the left and right sides are reversed in the images. 
A: CT Scan of vertebrae  B: Points identified C: Measurements 
calculated 
 
A: Left pedicle lateral outer 
cortex margin 
B: Left pedicle lateral inner 
cortex margin 
C: Left pedicle medial outer 
cortex margin 












point B and point D 
 
 
E: Anterior edge of vertebral 
body along left pedicle axis 
F: Posterior edge of vertebra 
along left pedicle axis 
G: In line with the posterior 
longitudinal ligament along the 
pedicle axis 
H: Sagittal midvertebral line at 
anterior aspect vertebral body 
I: Sagittal midvertebral line at 
meeting of laminae  
Pedicle length (PL):  
Distance between 
point F and point G 
 
Chord length (CL): 
Distance between 
point E and point F  
 
Transverse pedicle 
angle (TPA): Angle 
formed between the 
lines EF and HI 
 
 
J: Left pedicle height superior 
outer cortex margin 
K: Left pedicle height superior 
inner cortex margin 
L: Left pedicle height inferior 
outer cortex margin 
M: Left pedicle height inferior 
inner cortex margin 
Outer cortical 
margin pedicle 
height (PH): Distance 
between point J and 
point L 
 
Inner cortical margin 
pedicle height (IPH): 
Distance between 
point K and point M 
 
 
P: Anterior edge vertebral body 
along left pedicle axis in 
sagittal viewing plane 
Q: Posterior edge vertebral 
body along left pedicle axis in 
sagittal viewing plane 
N: Anterior aspect vertebral 
body along a line angled 
midway between the superior 
and inferior endplates  
O: Posterior aspect vertebrae 
along angled midway between 
the superior and inferior 
endplates 
Sagittal pedicle 
angle (SPA): Angle 
formed between the 
lines NO and PQ 
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 Inter- and Intra-observer Variability 
In addition to the initial measurements, three scans (totalling 40 pedicles) were 
selected at random and measured a second time to calculate the intra-observer 
variability. The same three scans then were measured by a colleague in the 
Paediatric Spine Research Group to assess the inter-observer measurement 
variability.   
 
 Analysis of Anatomical Landmarks  
The data were grouped to correspond to the anatomic spinal level (T1-T12) of the 
pedicle being measured. Where the major curve apex was between two vertebral 
levels (a disc), it was designated the superior of the two levels (an apex at T7/T8 
was designated to be T7).  A Shapiro-Wilk test indicated the samples did not follow 
a normal distribution therefore a Wilcoxon matched-pairs signed-rank test with a 
significance level less than 0.05 was used to compare the morphologic features of 
the left and right pedicles.  A similar approach was used by Liljenqvist et al.[37]. 
Intra- and inter-observer errors were evaluated using the mean difference and a 
95% limit of agreement analysis was performed following steps outlined by Bland 
and Altman [7].  Statistical analysis was performed using SPSS Version 22.0 (IBM 
Corp, Armonk, NY, USA). 
 
 Analysis of Pedicle Morphometry in Adolescent Idiopathic Scoliosis 
using Magnetic Resonance Imaging Scans 
 Patient Demographics 
Between 2013 and 2016, an ongoing dataset of MRI scans of AIS patients and 
healthy controls has been collected by the Paediatric Spine Research Group.  This 
data set comprises multiple MRI scans from the same patients over a period of time 
allowing assessment of the changes in the anatomy due to deformity and growth to 
take place. 
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3.4.1.1 Adolescent Idiopathic Scoliosis Group 
The AIS arm of the study Table 4 had the following inclusion criteria Figure 3.2: 
(1) Female 
(2) Between the age of 10 and 16 years old for their first scan 
(3) Diagnosis of AIS but otherwise healthy 
(4) No mental impairment 
(5) Right sided major curves with a Cobb angle of at least 10° [11] 
(6) MRI scan quality not affected by movement artefact 
(7) Two MRI scans at least 5 months apart 
(8) Not discharged from clinic due to straight spine.  
 
All Cobb angle measurements, Risser grading and Lenke Classifications were 
performed by two highly experienced Australian spinal orthopaedic surgeons from 














Figure 3.2: Flowchart showing patients excluded from study. 
Patients with AIS (35) 
Left sided curve (2) 
Only 1 scan or Scans <5 
months apart (5) 
Poor quality scans due to 
movement artefact (3) 
Patient discharged from 
clinic due to no progression 
and <15 degree curve (1) 
AIS patients included in study (24) 
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Table 4: Demographics of MRI study patients. 
 
3.4.1.2 Control Subjects 
20 subjects were selected for the control arm of the study (Table 4).  This arm of 
the study had the following inclusion criteria: 
(1) Female  
(2) Between 10 and 12 years old for their first scan 
(3) At least 2 scans > 5 months apart 
(4) No family history of scoliosis 
(5) No history of a spine disorder and no clinical signs of scoliosis or rib humps.  
(This was determined by an experienced Spinal Physiotherapist 
through a postural assessment and Adams’ forward bending test at 
the time of MRI scanning[2]). 
 
 MRI Scanning Protocol 
Scans were obtained using a three Tesla (3T) MRI scanner (Philips Achieva 3.0T TX 
Dual Transit system, Amsterdam, Netherlands) at the Mater Adults Hospital (Mater 
Health Services, Brisbane, Australia).  Patients were positioned supine with their 
arms resting by their sides.  For AIS patients, the whole major curve was captured in 
high resolution images (T1-weighted 3D gradient echo sequence, TR= 5.9ms, TE 
 AIS Patients Controls 
Number of subjects  24 20 
Mean age at 1st scan (years) 12.6 ± 1.4 11.5 ± 0.8 
Mean age at 2nd scan (years) 14.0 ± 1.4 12.5 ± 0.8 
Mean interval between 1st and 2nd scan (years) 1.3 ± 0.6 1.0 ± 0.1 
Change in height between 1st and 2nd scan (cm) 6.0 ± 4.8 6.4 ± 2.4 
 
Where applicable values are presented as the Mean ± Standard Deviation 
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2.7ms, flip angle = 5 degrees, voxel size = 0.5 x 0.5 x 0.5 mm).  For the healthy 
controls the most cranial slice was positioned at the mid-height of T3.  The 
maximum imaging volume using this sequence was 250 x 250 x 95 mm such that 
the most caudal slice was usually at L1, dependent on the height of the subject. 
 
 Image Processing 
The scans were measured using the imaging software AMIRA 5.5.0 (FEI, Hillsboro, 
OR, USA).  Each MRI scan was opened using AMIRA with synchronized axial, coronal 
and sagittal displays.  The image contrast levels were standardized to maximise 
clear soft tissue and bone demarcation at the vertebral pedicles.  The contrast 
levels were set at 0-300 units in AMIRA.  The relevant vertebral body was identified 
using the embedded details obtained at the time of the scan and confirmed by 
counting the rib levels superiorly and inferiorly if possible.  Morphometric 
parameters on the pedicles were then measured using the same protocol as 







Figure 3.3: A Local axial viewing plane with sagittal slice (green line) in line with pedicle axis; B: 
Local sagittal viewing plane with axial slice (red line) in line with pedicle axis; C: Local coronal 
viewing plane with axial slice (red line) approximately parallel to superior and inferior endplates. 
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Table 5: A: An MRI scan identifying landmarks, lines and angles measured and description of 
landmarks; B: Description of distances and angles measured, Note: Clinical MRI scan images are 
presented such that the left and right sides are reversed in the images. 
A: MRI Scan of vertebrae & points Identified B: Measurements calculated 
 
A: Left pedicle lateral outer cortex margin 
B: Left pedicle medial outer cortex margin 
C: Dural Sac margin closest to point B 
D: Anterior edge of vertebral body along left pedicle axis 
E: Posterior edge of vertebra along left pedicle axis 
F: In line with the posterior longitudinal ligament along the 
pedicle axis 
G: Sagittal midvertebral line at anterior aspect vertebral body 
H: Sagittal midvertebral line at meeting of laminae 
I: Vertebral body closest bony point to Aorta 
J: Aorta, closest point to vertebral body 
Transverse cortical pedicle 
width (PW): Distance between 
point A and point B 
 
Distance to dural sac: Distance 
between point B and point C 
 
Pedicle length (PL):  Distance 
between point E and point F 
 
Chord length (CL): Distance 
between point D and point E  
 
Transverse pedicle angle (TPA): 
Angle formed between the lines 
DE and GH 
 
Distance to Aorta: Distance 
between point I and point J 
 
  
K: Left pedicle height superior outer cortex margin 
L: Left pedicle height inferior outer cortex margin 
M: Anterior edge vertebral body along left pedicle axis in 
sagittal viewing plane 
N: Posterior edge vertebral body along left pedicle axis in 
sagittal viewing plane 
O: Anterior aspect vertebral body along a line angled midway 
between the superior and inferior endplates 
P: Posterior aspect vertebrae along angled midway between 
the superior and inferior endplates 
Outer cortical margin pedicle 
height (PH): Distance between 
point K and point L 
 
Sagittal pedicle angle (SPA): 
Angle formed between the lines 
MN and OP 
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 Measurement of Anatomic Landmarks  
Anatomical landmarks were identified and measured on each pedicle (Table 5A). 
The 3-D coordinates of 30 points on each vertebra were identified.  The distances 
and angles for the following measurements were then calculated: pedicle width, 
pedicle length, chord length, transverse pedicle angle, pedicle height, sagittal 
pedicle angle, distance from pedicle to dural sac and distance from vertebrae to 
aorta (Table 5B).  The measurement definitions for all the bony distances are the 
same as those described in the previous CT study.  The distance from pedicle to 
dural sac was defined as the inner pedicle margin coordinate used from the pedicle 
width measurement to the edge of the dural sac that was closest to this point in the 
local axial plane (Table 5).  The distance to aorta was defined as the closest distance 
between the vertebral body and the edge of the aorta in the local axial plane (Table 
5).  For the AIS patients, all pedicles in the major curve were measured, typically T5-
T12. This same region of the spine (T5-T12) was then also analysed in the healthy 
control subjects in order to create a standardised region for analysis and 
comparison to the AIS patients.  All measurements were completed by the author.  
 
 Inter- and Intra-Observer Variability 
Three of the most recent AIS scans (totally 36 pedicles) were selected at random 
and measured a second time several months later to calculate the intra-observer 
variability.  The same three scans were measured by a colleague from the Paediatric 
Spine Research Group (Dr P. Contractor, MBBS) to assess the inter-observer 
measurement variability.  The most recent AIS scans were selected to test the inter- 
and intra- observer variability as it was felt these scans represented the most 
distorted and asymmetrical vertebrae and as such would likely result in the highest 
inter- and intra-observer.   
The 95% limits of agreement, as proposed by Bland and Altman [7] were calculated 
identically to the CT study. 
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 Analysis of Anatomical Landmarks  
Statistical analysis was performed using SPSS Version 22.0 (IBM Corp, Armonk, NY, 
USA).  The Shapiro-Wilk test was used to test for normality in the sample.  The 
patients almost all followed a non-normal distribution; therefore a non-parametric 
test was used.  The Wilcoxon signed-rank test with a significance of p<0.05 was 
used instead of the Mann-Whitney U test as it assumes the independent variables 
are related (left vs right pedicle in the same patient), while the Mann-Whitney U 
test assumes no relationships and independence of observations.   
 
In the AIS patient measurements, the left side was compared to the right side in 
each of the two scans.  The differences between the left and right side from the 
first to the second scan was then compared.  Similarly, the left and right pedicles 
were compared in the healthy controls in each of the two scans and then the 
differences between the first and second scans were also compared.  The trends 
identified in the scans and over time in both the AIS and controls were then 
compared.  Correlations between the changes seen in the pedicle over time and 
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Chapter 4 Results 
 Overview 
The results section is subdivided into the research questions postulated in Chapter 
2.  In the CT scan study, the left and right pedicles were compared with each other. 
In the MRI scan study, the left and right pedicles at both time periods were 
compared to each other.  Any changes between the 1st and 2nd AIS MRI scans were 
also compared.  These results were then compared with the differences between 
the left and right sides in the healthy control subjects and the changes over time 
between the 1st and 2nd healthy non-scoliotic control scans.   The numerical results 
for the CT scans are presented in Appendix 1 and for the MRI scans in Appendix 2. 
 
 Demographics 
The demographics of the patients and the curve information are outlined in the 
tables below (Table 6, Table 7, Table 8). 
 
Table 6: Full demographics of CT study patients. 
 Mean 
Number of subjects 22 
Age (years) 15.7 ± 2.5 (Range 11.6 - 22.0) 
Weight (kg) 56.3 ± 12.2 
Major Cobb angle (°) 53.3 ± 5.3 
Number of spinal levels in major curve 7.1 ± 0.9 
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Table 7: Full demographics of MRI study patients. 
 
 
Table 8: Apex levels for AIS patients in the CT and MRI studies. 
Apex level CT scan MRI scan 
T7 1 4 
T8 6 9 
T9 10 9 
T10 5 2 
Where the level of the apex was an intervertebral disc, the vertebral level below 





 AIS Patients Controls 
Number of subjects  24 20 
Mean age at 1st Scan (years) 
12.6 ± 1.4 
(Range  
10.0 – 14.3) 
11.5 ± 0.8 
(Range  
10.1-12.9) 
Mean age at 2nd Scan (years) 
14.0 ± 1.4 
(Range  
11.8 – 16.3) 
12.5 ± 0.8 
(Range  
11.2-14.0) 
Mean interval between 1st and 2nd scan (years) 1.3 ± 0.6 1.0 ± 0.1 
Mean major Cobb angle at 1st Scan (°) 31.5 ± 10.7  
Mean major Cobb angle at 2nd Scan (°) 44.0 ± 15.3  
Number of spinal levels in major curve  7.3 ± 1.0  
Change in height between 1st and 2nd scan (cm) 6.0 ± 4.8 6.4 ± 2.4 
 
Where applicable values are presented as the mean ± standard deviation 
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 Is the Pedicle Morphology in AIS patients different on the left 
compared to the right side of the curve? 
There was clear asymmetry identified between the left and right pedicles in both 
the axial and sagittal plane in the CT scans.     
 
 Pedicle Width & Inner Pedicle Width 
The mean left pedicle width was smaller than the mean right pedicle width around 
the apex of the curve (p<0.05) with symmetry restored at the rostral and caudal 
aspects of the major curve (T4-T6 and T11-T12) (Figure 4.1).  This finding was 
comparable with the mean left inner pedicle width which was also significantly 
smaller than the mean right inner pedicle width around the apex of the curve (T7-
T10) (p<0.05) (Appendix 1). 
 
Figure 4.1: Comparison of pedicle and inner pedicle width in AIS patients using CT scans. Mean 
± SD, * denotes a significant difference p<0.05. 
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 Pedicle Length 
The Pedicle length steadily shortened from T4 to T10 before lengthening again from 
T10 to T12; however no clinically relevant differences were noted between the left 
and right sides (Figure 4.2). 
 
Figure 4.2: Comparison of pedicle length in AIS patients using CT scans. Mean ± SD. No 
significant differences (p<0.05) were identified. 
 Chord Length 
The chord length on the right and left sides increased in size from the rostral to the 
caudal end of the major curve.  The chord length on the left side was larger than the 
right side from T8 to T10 (p<0.05) (Figure 4.3).  
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Figure 4.3: Comparison of chord length in AIS patients using CT scans. Mean ± SD, * denotes a 
significant difference p<0.05. 
 Transverse Pedicle Angle 
The left transverse pedicle angle was larger than the right side from T6 to T9 (p<0.05) 
(Figure 4.4). 
 
Figure 4.4: Comparison of transverse [edicle angle in AIS Patients using CT scans. Mean ± SD, * 
denotes a significant difference p<0.05. 
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 Pedicle Height & Inner Pedicle Height 
The left pedicle height was smaller than the right pedicle height from T5 to T8 
(p<0.05) (Table 12).  Comparatively the left inner pedicle height was smaller than the 
right pedicle height at T6-T7 and T10 (p<0.05) (Figure 4.5). 
 
Figure 4.5 Comparison of pedicle height and inner cortical pedicle height In AIS patients using 
CT scans. Mean ± SD, * denotes a significant difference p<0.05. 
 Sagittal Pedicle Angle  
The left sagittal pedicle angles were larger than the right at the levels of T9-T10 and 
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Figure 4.6: Comparison in sagittal pedicle angle in AIS patients using CT scans. Mean ± SD, * 
denotes a significant difference p<0.05. 
 
 Can MRI scans be used as a suitable substitute for CT scans for precise 
and repeatable measurements of pedicle morphometry in AIS 
patients? 
In order to determine the suitability of MRI as an acceptable non-irradiating 
substitute for CT scans for determining bony anatomy, the inter- and intra- rater 
reliability of each of the two techniques were compared.  Should the MRI scans 
result in a similar level of reliability as the CT scans then they can be considered to 
be at least as precise.  
No direct comment can be made about the accuracy of the MRI scans in relation to 
the CT scans as the same patient cohort was not used and a phantom or calibration 
object has not been scanned in this study. 
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 Intra and Inter-Observer Variability in CT Scans of AIS patients 
Bland-Altman plots showed only small differences between the two researchers’ 
measurements.  Pedicle width measurements were the most consistent 
measurements in both the intra- and inter-observer measurements, while the 
angular measurements were the most variable (Table 9).  
 
Table 9: 95% limits of agreement for intra- and inter-observer measurement variability using CT 
scans of AIS patients. 
Measurement Intra-observer Error 
(Mean ± 95% limit of 
agreement (1.96×SD)) 
Inter-observer Error 
(Mean ± 95% limit of 
agreement (1.96×SD)) 
Pedicle Width (mm) -0.09 ± 0.68 -0.18 ± 0.80 
Inner Pedicle Width (mm) 0.25 ± 1.13 -0.14 ± 1.07 
Chord Length (mm) -0.64 ± 4.61 -0.33 ± 5.08 
Pedicle Length (mm) -0.99 ± 3.91 0.81 ± 3.70 
Transverse Pedicle Angle (°) 0.28 ± 4.47 -1.12 ± 7.10 
Pedicle Height (mm) -0.22 ± 1.02 -0.83 ± 1.44 
Inner Pedicle Height (mm) 0.55 ± 2.02 -0.26 ± 1.98 
Sagittal Pedicle Angle (°) 1.36 ± 5.76 -1.50 ± 7.38 
 
 
 Intra- and Inter-Observer Measurement Variability in MRI Scans of AIS 
Patients  
The inter- and intra-observer measurement variability (95% limits of agreement) 
was consistently less variable with the linear measurements compared with the 
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Table 10: 95% limits of agreement for intra- and inter-observer measurement variability using MRI 
scans of AIS patients.  
Measurement Intra-observer Error 
(Mean ± 95% limit of 
agreement (1.96×SD)) 
Inter-observer Error 
(Mean ± 95% limit of 
agreement (1.96×SD)) 
Pedicle Width (mm) 0.03 ± 0.91 0.25 ± 0.85 
Distance to Dural Sac (mm) 0.09 ± 0.99 0.13 ± 1.83 
Chord Length (mm) 0.33 ± 2.28 1.27 ± 2.63 
Pedicle Length (mm) 0.16 ± 1.47 -0.46 ± 2.19 
Transverse Pedicle Angle 
(°) 
0.72 ± 4.01 0.31 ± 6.42 
Distance to Aorta (mm) -0.15 ± 1.17 -0.54 ±1.23 
Pedicle Height (mm) -0.09 ± 0.80 0.34 ± 1.96 
Sagittal Pedicle Angle (°) 0.86 ± 5.99 0.19 ±7.08 
 
 Is the pedicle morphology asymmetry in AIS patients also seen in 
healthy non-scoliotic subjects? 
 
 Pedicle Width  
In the AIS MRI scans, the pedicle width on the right side of the curve was larger than 
the left side of the curve in both the first scan (T7-T9, p<0.05) and the second scan 
(T7-T10, p<0.05) (Figure 4.7). The pedicle width on the left side was larger than the 
right in the first scan at T6 and the second scan at T5 (p<0.05).  In the healthy control 
MRI scans, there was no difference between the left and the right side in either the 
first or second scans (Figure 4.8).   
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Figure 4.7 Comparison of left and right pedicle width in AIS patients using MRI scans. Mean ± 
SD, * denotes a significant difference p<0.05. 
 
 
Figure 4.8 Comparison of left and right pedicle width in healthy control subjects using MRI 
scans. Mean ± SD, * denotes a significant difference p<0.05. 
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 Chord Length 
In the first AIS MRI scan, the chord length was longer on the right side of the curve 
compared with the left at the levels of T9 and T12 (p<0.05).  In the second AIS MRI 
scan, the chord length was longer on the left side of the curve compared with the 
right at the levels of T7 and T8 (p<0.05) (Figure 4.9). 
In the healthy control MRI scans, there was no difference between the left and the 
right side in the first scan, while in the second scan the right was longer than the 
left at T8 (p<0.05) (Figure 4.10). 
 
Figure 4.9 Comparison of left and right chord length in AIS Patients using MRI scans. Mean ± SD, 
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Figure 4.10 Comparison of left and right chord length in healthy control subjects using MRI 
scans. Mean ±- SD, * denotes a significant difference p<0.05. 
 
 Pedicle Length 
In the first AIS MRI scans, the pedicle length was larger on the left side of the curve 
compared with the right side of the curve at the level of T5 and larger on the right 
side of the curve compared with the left at the levels of T8 & T9 (p<0.05).  In the 
second AIS MRI scans, there was no difference between the pedicle lengths on the 
left or right sides of the curve (Figure 4.11). 
With the regards to the healthy control MRI scans, the left pedicle length was 
longer than the right from T7-T11 in the first scan and T8-T9 in the second scan 
(p<0.05) (Figure 4.12). 
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Figure 4.11 Comparison of left and right pedicle length in AIS patients using MRI scans. Mean 
±- SD, * denotes a significant difference p<0.05. 
 
 
Figure 4.12 Comparison of left and right pedicle length in healthy control subjects using MRI 
scans. Mean ± SD, * denotes a significant difference p<0.05. 
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 Transverse Pedicle Angle 
The transverse pedicle angle was larger on the right side of the curve compared 
with the left at T10 on the first and second AIS MRI scans (p<0.05).  The transverse 
pedicle angle was larger on the left side of the curve compared with the right at the 
levels T6-T9 on the second AIS MRI scan (p<0.05) (Figure 4.13). 
In the healthy control MRI subjects, the transverse pedicle angle on the right side 
was larger than the left at T7-T9, T12 in the first scan and T7-T8 in the second scan 
(p<0.05) (Figure 4.14). 
 
Figure 4.13 Comparison of left and right transverse pedicle angle in AIS Patients using MRI 
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Figure 4.14 Comparison of left and right transverse pedicle angles in healthy control subjects 
using MRI scans. Mean ± SD, * denotes a significant difference p<0.05. 
 
 Pedicle Height 
In the AIS MRI scans, the pedicle height was larger on the right side of the curve 
compared with the left side of the curve at the levels of T5-T9 in both scans 
(p<0.05) (Figure 4.15). 
In the first healthy control MRI scans, the right pedicle height was larger than the 
left pedicle height at T6 and T9, while in the second healthy control MRI scans, 
there was no difference between the left and right sides (p<0.05) (Figure 4.16). 
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Figure 4.15 Comparison of left and right pedicle height in AIS Patients using MRI scans. Mean ± 
SD, * denotes a significant difference p<0.05. 
 
 
Figure 4.16 Comparison of left and right pedicle height in healthy control subjects using MRI 
scans. Mean ± SD, * denotes a significant difference p<0.05. 
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 Sagittal Pedicle Angle 
In the first AIS MRI scans, the sagittal pedicle angle was larger on the left side of the 
curve compared with the right side at the levels of T7-8 and T10-11 (p<0.05).  In the 
second AIS scan, the sagittal pedicle angle was larger on the left side of the curve at 
T7, T9 and T11-12 (p<0.05) (Figure 4.17).  
In the first healthy control MRI scan, the sagittal pedicle angle was larger on the left 
at T8 while in the 2nd control scan the sagittal pedicle angle was larger on the right at 
T10 (p<0.05) (Figure 4.18).   
 
Figure 4.17 Comparison of left and right sagittal pedicle angle in AIS patients using MRI scans. 
Mean ± SD, * denotes a significant difference p<0.05. 
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Figure 4.18 Comparison of left and right sagittal pedicle angles in healthy control subjects 











Chapter 4: Results   56 
 
 How does the Pedicle Morphology in AIS and Healthy non-scoliotic 
subjects change over time? 
This section compares the changes between the two AIS scans and two healthy 
control scans over time. This is performed by looking at the differences between the 
first and second scan on the left side and right side respectively. 
 
 Pedicle Width  
When looking at the difference between the two scans, the majority of the results 
were positive indicating a growth in size from the first to the second scan.  While this 
trend existed, the only statistical difference identified in the AIS patients was the left 
pedicle width was larger in the second scan at T12 (p<0.05).  In the healthy controls’ 
MRI scans on the other hand, the pedicle width was larger in the second scan 
compared with the first at the levels of T5-T6 and T11 on the left and T7 and T11 on 
the right (p<0.05) (Figure 4.19). 
 
Figure 4.19: Comparison between 1st and 2nd scans showing left and right pedicle width growth in 
AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a significant difference 
p<0.05. A positive result implies an increase in pedicle width between the 1st and 2nd scan. 
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 Chord length 
Over time between the first and second AIS MRI scans, the chord length increased 
at the levels T8-T9 and T11-T12 on the left side of the curve, while it was 
unchanged on the right side of the curve (p<0.05) (Figure 4.20). 
In the healthy control subjects, there was no difference between the first and 
second MRI scans on the left or right side. 
 
 
Figure 4.20: Comparison between 1st and 2nd Scans showing left and right chord length growth in 
AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a significant difference 
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 Pedicle Length 
In the AIS patients, the pedicle length was longer in the second MRI scan compared 
with the first at T8 and T11 on the left side and T5 on the right side (p<0.05) (Figure 
4.21).   
With regards to the healthy control subjects, the left pedicle length was longer at 
T6 and shorter at T12 in the second MRI scan compared with the first, while there 
was no difference on the right between the two scans (p<0.05). 
 
 
Figure 4.21: Comparison between 1st and 2nd Scans showing left and right pedicle length growth 
in AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a significant difference 
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 Transverse Pedicle Angle 
When comparing the first and second AIS MRI scans, the TPA was larger in the 
second MRI scans compared with the first at T8 and T9 on the left side, while on the 
right the TPA was smaller in the second scan compared with the first at T5-T7 and 
T9 (p<0.05) (Figure 4.22). 
In the control subjects, there was no difference over time in the transverse pedicle 
angles on either pedicle in the MRI scans. 
 
 
Figure 4.22: Comparison between 1st and 2nd Scans showing left and right transverse pedicle 
angle growth in AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a 
significant difference p<0.05. A positive result implies an increase in transverse pedicle angle 
between the 1st and 2nd scan. 
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 Pedicle height 
When comparing the first and the second scans, there was an increase in the 
pedicle heights between the first and second scans of T6, T8-T12 on the left side 
and T6-T11 on the right side (p<0.05) (Figure 4.23).  The right side increased in size 
more than the left at T6 and T7, while the left increased in size more at T12 
(p<0.05) (Figure 4.23).  
In the controls, at every level, the second scan pedicle heights were larger than the 
first scan pedicle heights on both sides (p<0.05). 
 
 
Figure 4.23 Comparison between 1st and 2nd Scans showing left and right pedicle height 
growth in AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a significant 
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 Sagittal Pedicle angle 
When comparing the first and second AIS MRI scans, the sagittal pedicle angle on the 
left side was smaller on the second scan at T10 and larger on the second scan at T12 
(p<0.05).  On the right side, the sagittal pedicle angle was smaller on the second scan 
at T9 (p<0.05) (Figure 4.24). 
In the healthy control MRI scans, the sagittal pedicle angle was larger on the first 
scan on the left at T7-T10 and right at T8-T11 (p<0.05) (Figure 4.24). 
 
 
Figure 4.24: Comparison between 1st and 2nd Scans showing left and right sagittal pedicle angle 
growth in AIS and healthy control subjects using MRI scans. Mean ± SD, * denotes a significant 
difference p<0.05. A positive result implies an increase in sagittal pedicle angle between the 1st 
and 2nd scan 
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 Correlation of Pedicle Morphology Changes to Height and Cobb Angle 
changes 
A regression analysis showed there is a correlation between the change in vertical 
height of the AIS patients and the change in pedicle height (R² = 0.6) (Figure 4.25) 
and change in pedicle width (R² = 0.2) respectively.  There was no correlation found 
between the change in Cobb angle measured at the first and second scans and any 
of the pedicle morphology parameters (PW, CL, PL, TPA, SPA) measured.  
In the healthy subjects, there was a correlation between height change and pedicle 
height changes (R² = 0.2), however there was no other correlation between height 
change and pedicle morphology change between the first and second scans.  
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 What is the relationship between Neurovascular Structures and the 
vertebrae in AIS patients compared with healthy non-scoliotic 
subjects and how this change over time? 
 
 Distance to Dural Sac 
In the AIS patients, the distance from the dural sac to the pedicle was larger on the 
right side compared to the left side in both scans at the levels T6-T11 (p<0.05) 
(Figure 4.26).   
In the healthy control subjects, there was no difference in the distance to the dural 
sac in the first scan.  In the second scan the distance was longer from the right 
compared to the left pedicle at T6 (p<0.05) (Figure 4.27). 
When comparing the first and the second AIS MRI scans the distance from the dural 
sac to the left pedicle was smaller in the second scan compared with the first at T6, 
T8-T10 and T12 (p<0.05).  The distance from the dural sac to the right pedicle was 
larger in the second scan compared with the first at the levels T5-T10 (p<0.05).  In 
the controls, there was no difference between the first and the second scans on the 
left or the right. 
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Figure 4.26 Comparison of left and right distance to dural sac in AIS patients using MRI scans. 
Mean ± SD, * denotes a significant difference p<0.05 
 
Figure 4.27 Comparison of left and right distance to dural Sac in healthy control subjects using 
MRI scans. Mean ± SD. No significant differencs (p<0.05) were identified 
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 Distance to Aorta 
In the AIS scans the distance to the aorta was larger in the second scan compared 
with the first scan at the levels T6-T10 (p<0.05). In the controls there was no 
difference between the first and the second scans (Figure 4.28).  
There was a correlation also identified between a change in distance to the aorta 
and a change in the patients height (R² = 0.35) and change in patient’s Cobb angle 
(R² =0.22).   
 
Figure 4.28 Comparison of distance to aorta in AIS and healthy control subjects using MRI 
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Chapter 5 Discussion  
 Introduction 
When performing pedicle screw instrumentation surgery, inadequate 
understanding of the pedicle anatomy can result in incorrect pedicle screw size and 
length selection as well as incorrect angle of screw insertion.  These errors could 
result in pedicle wall expansion or fracture or anterior cortex breach, all of which 
could result in neurovascular injury or loss of secure fixation [34, 69].  In AIS, where 
the anatomy is three-dimensionally asymmetrically distorted and the pedicles 
known to at times encroach closer to the spinal cord and aorta [35, 69], it is vital to 
have an understanding of the pedicle morphology in all planes.  While the pedicle 
width has been investigated by several previous studies using various methods [22, 
25, 35, 37, 67, 71, 77], there are clear knowledge gaps or inconsistencies when 
examining the remaining pedicle parameters.  Additionally, while prior MRI studies 
have looked at pedicle morphology [9, 35, 48], no previous study has looked at MRI 
scans of the same AIS patients at two different time points, nor have they then 
compared them to serial MRI scans taken from healthy control subjects.  This study 
utilised a unique group of data sets which included historical CT scans of AIS 
patients, MRI scans of AIS patients at two different time periods and MRI scans of 
healthy non-scoliotic subjects at two different time periods to critically analyse the 
pedicle morphology in AIS patients.   
Clinically relevant asymmetry in the pedicle widths, heights and pedicle angulations 
of AIS patients was found using CT scans.  These asymmetries were confirmed using 
the separate AIS MRI patient dataset and comparing these to healthy non-scoliotic 
spines.  Many of these asymmetries continued to progress over time.  Furthermore, 
key changes in the relationship of neurovascular structures in the AIS and non-
scoliotic healthy controls were identified and compared over time.  Finally, the 
reliability and reproducibility of these measurements was examined.  
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 Limitations 
 CT Dataset Limitations 
Although direct measurement using cadaveric specimens is the gold standard for 
anatomic studies, sourcing adolescent cadavers with spinal deformities of operable 
severity and of sufficient numbers is not feasible.  CT scans have, however, been 
shown to have good correlation with direct measurement using cadaveric 
specimens for anatomic measurements of spinal anatomy [31, 40]. For the CT 
dataset, the use of a control group would have been beneficial but performing CT 
scans on healthy age-matched subjects for research purposes is ethically 
unacceptable owing to radiation exposure.  Additionally, while CT scans are 
currently not routinely conducted pre-operatively, one can still adapt these findings 
to their intra-operative imaging and procedures. 
While the CT dataset used in this study was captured from patients undergoing 
anterior thoracoscopic surgical correction, a posterior correction utilising pedicle 
screws would also be an appropriate treatment protocol, hence the subjects were 
considered to be a relevant cohort for this investigation.  The inclusion criteria were 
set to provide as much consistency as possible in the dataset without limiting the 
cohort size.  While a previous study looking at spinal anatomy showed no difference 
between males and females [67], with only a single male in the dataset, we elected 
to exclude this male. Similarly we excluded the one curve which extended to L1 
with an apex at T10, as it was thought this curve type may skew results, considering 
the most clinically relevant findings were found periapically.  Due to the limited 
cohort size; age, skeletal maturity and race were not able to be subcategorized.  
Prior studies have shown race can affect absolute pedicle size with anatomical 
studies on Japanese[63] and Indian[67] AIS patients showing smaller absolute 
pedicle sizes compared with a western population.   
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 MRI Dataset Limitations 
While the sample size was small, given the incidence of the disease, the challenge 
to recruit from this small subpopulation and to then complete multiple MRI scans, 
the sample size was at least in line with previous studies looking at AIS pedicle 
morphology. Owing to a smaller study population, this resulted in a large spread of 
patients in terms of age (Range 10-16 years of age vs 10.1-12.9yrs in the healthy 
controls), initial curve size (Range 17°-66°) and time between scans (Range 5-30 
months vs 7-14 months in the controls).  Also, it is noted that some variation in 
morphology may be related to degree of skeletal maturity in comparison to 
biological age. While skeletal maturity was assessed for the AIS patients using the 
Risser score (0,1,2 to be recruited into the study), the control subjects did not have 
a Risser assessment carried out as it was deemed unethical to expose the subjects 
unnecessarily to  radiation-based scanning. Future studies could benefit from the 
use of anthropometric measures/predictions in place of maturational status 
metrics.  
This study only included females as only females are being recruited into the 
Paediatric Spine Research Group longitudinal study.  With regards to the control 
subjects, the first 20 patients in the database that fitted the inclusion criteria were 
used.  Unlike the CT study which has patients all of operable curve severity (mean 
Cobb 53°), the extent of the curves in the MRI patients is relatively much smaller 
(1st scan mean Cobb 32°, 2nd scan mean Cobb 44°).  The difference in average Cobb 
angle may alter the results. 
The majority of the patients (20/24) were braced at various ages and stages during 
the study. While the aim of bracing is to reduce curve progression, it is uncertain 
whether bracing has any impact on the changes seen in pedicle morphology. While 
the majority of the unbraced patients had less severe curves and patient 
compliance with wearing braces can vary significantly, this study is unable to 
comment whether there is any link between bracing and pedicle morphology. 
 






 Is the pedicle morphology in AIS patients different on the left 
compared to the right side of the curve? 
The pedicle morphology in the CT scans of AIS patients was different on the left 
compared to the right side of the curve, with smaller pedicle widths and heights as 
well as larger pedicle angles identified on the left side of the curve when compared 
to the right side around the apex of the curve.  
Pedicle width, being the smallest cross-sectional dimension, is the most important 
factor as it dictates the maximum pedicle screw diameter that can be safely 
accommodated without medial or lateral cortical breach. The current study showed 
clinically relevant smaller pedicle widths (inner and outer cortical) on the left side 
periapically; a finding consistent with previous studies using CT, MRI and cadavers 
[1, 37, 45, 56, 67, 75].  Inner and outer cortical pedicle widths were both measured 
to provide clarity over the inconsistencies or ambiguities regarding which pedicle 
width measurement definition  was used in previous studies[25, 77]   With the 
chord length being longer on the left side of the curve at T8-T10, but no difference 
seen in the pedicle lengths, it can be inferred that the length from the anterior 
cortex of the vertebral body to the anterior aspect of the pedicle along the pedicle 
axis is longer on the left side.  It has been proposed that with the rotational 
deformity, the anterior aspect of the vertebral body veers toward the concavity in 
the transverse plane which results in a longer chord length on the left side[78].  
Clinically, this statistical difference only translates into an absolute difference of 
between 1.4 to 1.8 mm.  Pedicles with a mild ‘windswept’ appearance were 
observed during the measurement phase, they did not however, affect pedicle 
length.  They may, however, explain the increase seen in the transverse pedicle 
angles on the left side around the apex of the curve.  In studies of non-scoliotic 
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spines, the transverse pedicle angle gradually decreases from T1 to T12 before 
increasing again in the lumbar spine [14, 68, 78].  While the rostral and caudal ends 
of the curve were consistent with previous studies looking at patients with AIS [9, 
35, 37], only one of these previous studies [35] followed the trend seen in this 
current study while the other two [9, 37] did not identify any difference between 
the two sides of the curve.  It is thought the differences seen in the transverse 
pedicle angles is due to intravertebral rotation[35].  The definition of the sagittal 
pedicle angle varied among studies [9, 14, 77, 78].  We used a modified version of 
the definitions reported by Ebraheim et al. [14] as it was deemed the most clinically 
applicable angle for pedicle screw insertion. 
 
 Can MRI scans be used as a suitable substitute for CT scans for precise 
and repeatable measurements of pedicle morphometry in AIS 
patients? 
Despite the fact that CT scans have shown good correlation with anatomical 
cadaver studies for investigating spinal pedicles [31, 40], the routine use of CT scans 
today in AIS and healthy young individuals is not feasible due to the ethically 
unacceptable radiation exposure.  As such, to investigate anatomical changes in AIS 
patients, especially over time, the use of MRI scans is now preferred.  There are 
however no prior studies showing the reliability of an MRI scan for anatomical 
spinal pedicle morphometry measurements.  While direct comparison between the 
MRI and CT scans in this study can be of some assistance, it is difficult to draw 
reliable conclusions as they are from different patients.  However the trends 
identified as well as the intra- and inter-observer reliability can provide helpful 
insights into whether MRI scans can be used as a suitable substitute to CT scans. 
It is important to recognise the limitations that exist with the scan protocols, a 
factor overlooked by previous imaging studies looking at variability[35, 37].  For the 
CT scans, the maximum in-plane voxel size was 0.78 mm and maximum CT slice 
thickness was 1.25 mm, thus the selection of a single pixel difference can result in 
as much as a 1.25 mm difference in linear measurements and as much as 1.93° 
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angulation difference (ie when measuring the transverse pedicle angle using an 
average chord length 1.25 mm / 37 mm x tan-1 = 1.93°).  The MRI scans were of a 
much higher resolution with the maximum voxel dimensions being 0.5 mm, thus 
equating to a linear error margin of 0.5 mm and angular error margin of 0.77° (0.5 / 
37 mm x tan-1 = 0.77°).  While not quantitative, to the author’s eye, the anatomical 
landmarks were at least as clearly demarcated on the MRI compared to the CT 
studies assessed initially (Table 3, Table 5). 
The linear measurements showed considerably less variability compared to the 
angular measurements in both the CT and the MRI scans in terms of both the inter- 
and intra-observer reliability.  In this case it is likely that the angular measurements 
are experiencing a compounding of the errors associated with the individual linear 
measurements used to calculate them.  While these findings were consistent with 
two previous studies which looked at intra-observer error [35, 37], no previous 
study has looked at inter-observer error.   
The size of the limits of agreement in both the intra- and inter-observer error (Table 
9, Table 10) in the MRI study are small in comparison to their actual measurements, 
which suggest that it is an acceptable the precision and accuracy of the technique is 
acceptable for measuring bony anatomy in the spine.  Although encouraging, there 
is insufficient evidence from these results to conclude that MRIs are an acceptable 
clinical tool for screw selection and pre-operative planning. 
Additionally, these limits of agreement are smaller than those observed in the CT 
study, suggesting that MRI is at least as good as the CT scans that are available for 
investigation.  
 
 Is the Pedicle morphology in AIS patients different to the pedicle 
morphology in healthy non-scoliotic subjects? 
The pedicle asymmetry seen in AIS patients is not reflected in the pedicle 
morphology seen in healthy non-scoliotic subjects.  The AIS patients have 
asymmetrical pedicle widths, lengths, heights and angles when compared to the 
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largely symmetrical healthy non-scoliotic subjects.  The results found in the MRI 
study comparing the AIS patients to the healthy non-scoliotic control subjects 
strengthen the findings seen in the CT study. 
The larger pedicle width and pedicle height on the right side when compared to the 
left side around the apex of the curve was consistent with the CT study and 
strengthened by the absence of a difference seen in the healthy control subjects. 
While several statistically significant differences were identified in the pedicle and 
chord lengths for both the controls and the AIS patients, given the absolute 
differences in the lengths equating to <1mm, this finding was of little clinical 
relevance.  Previous MRI studies[10, 35] also found minimal differences in pedicle 
length or chord length between the two pedicles.  
The transverse pedicle angles in the AIS MRI scans were consistent with the CT 
results and results from a previous MRI study[35], however, they were quite 
different when compared to the healthy MRI scans.  In a previous study [77] of 
normal, non-scoliotic subjects, the transverse pedicle angles were symmetrical and 
decreased symmetrically as you moved down the thoracic spine.  In this study, 
while the transverse pedicle angle on both sides of the curve decreased in size from 
the rostral to the caudal end of the curve, at the levels of T7-T9 and T12, the right 
was statistically larger than the left.  The reasons for this are unclear, but may in 
part be due to the larger extent of error that does exist with angular 
measurements.   
The sagittal pedicle angle followed the trends seen in the CT study with the left side 
of the curve having a larger sagittal pedicle angle compared to the right at the 
levels of the apex and below the level of the apex.  The healthy controls in contrast 
showed minimal difference between the left and right side of the curve.  
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 How does the pedicle morphology in AIS and healthy non-scoliotic 
subjects change over time? 
The majority of the asymmetries identified in the AIS patients progressed and 
became more apparent over time, while the overall trends seen in the healthy non-
scoliotic subjects remained largely the same.   
When examining the results over time, it is important to recognise the mean age at 
the time of the first scan (AIS patients 12.6 years vs Controls 11.5 years).  While not 
very different, one must also take into account the mean time between scans (AIS 
1.3 years vs Controls 1.0 years) and the overall vertical growth of the patients (AIS 
6.0cm vs Controls 6.4cm). 
Despite a longer average time between scans, there was no increase in pedicle width 
at any level seen in the AIS patients.  By comparison, in the healthy control subjects, 
multiple levels on both sides of the vertebrae showed larger pedicle widths in the 
second scan.  Given the controls had larger mean vertical growth over a shorter mean 
time between scans, one could hypothesise more controls compared to AIS patients 
went through a growth spurt and subsequently their pedicles increased in size.  
Alternatively, AIS patients may have an overall impaired growth in their pedicles 
compared to healthy controls, particularly on the left side of the curve.   
The chord length grew more rapidly on the left side of the curve compared with the 
right in AIS patients resulting in longer chord lengths on the left side of the curve 
around the apex in the second scan, a finding not emulated in the control subjects 
where there was no change in size between the first and second scans.  This change 
is consistent with the findings seen in the CT scans which had curves of a higher 
severity compared to the MRI scans. This finding is thought to be as a result of 
vertebral rotational deformity, whereby the vertebral body veers toward the 
concavity in the transverse plane which results in a longer chord length on the left 
side[78]. 
The transverse pedicle angle in the initial AIS scans was similar to the control scans, 
while the subsequent scans more clearly developed the trends seen in the more 
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advanced curves looked at in the CT study.  While there was some asymmetry 
noted in the controls, this was partially resolved at the time of the second scan and 
given the larger margin of error seen in the angular measurements when compared 
to the distance measurements, thought to not be significant.  
The pedicle heights on both sides at nearly all the levels measured in both the AIS 
and control subjects grew between the first and second scans.  This correlated well 
with the growth of the patient.  However when comparing the rate of growth, the 
right side grew more compared to the left at T6-T7 in the AIS patients, further 
increasing the identified asymmetry.  
When considering the relationship between the pedicle height and the sagittal 
pedicle angles together, one can appreciate that over time, the pedicle height 
increases and the sagittal pedicle angle decreases (Figure 4.23, Figure 4.24).  This 
translates to a more horizontal relationship between the vertebral body and the 
posteriorly attaching pedicles.  While this could be due to an increase in the growth 
of the vertebral body when compared to the pedicle, it is postulated that this is as a 
result of the pedicle height growth occurring mainly from the inferior aspect of the 
pedicle.  When specifically looking at the smaller pedicle height and larger pedicle 
angles at the concavity of the curve in AIS patients, one could hypothesis that there 
is growth restriction from the inferior aspect of these pedicles.  Comparing these 
results with the vertebral body height changes in AIS patients overtime would be of 
significant interest in the future. 
No correlation could be found between the change in Cobb angle over time in the 
AIS patients and any of the pedicle morphology parameters.  While not comparing 
change over time, Liljenqvist et al. [35] also failed to find any correlation between 
pedicle asymmetry and Cobb angle. 
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 What is the relationship between neurovascular structures and the 
vertebrae in AIS patients and how does this change as the curve 
progresses? 
The location of the dural sac and spinal cord is crucial in realising the epidural ‘safe’ 
zone which refers to the distance between the medial aspect of the pedicle and the 
dural sac.  Reports in non-scoliotic spines suggest an epidural ‘safe’ zone of 2-
3mm[52] or 0-4mm[19] medially. An MRI study on AIS patients[35], however, 
suggests the dural sac at the concavity of the spine can be in direct contact with the 
medial pedicle margin, a finding clearly seen in this study also.  This change was 
even more evident as the curve progressed.  In stark contrast, the healthy controls’ 
dural sac remained centrally placed (in the coronal plane) throughout the thoracic 
spine and over time.  These results suggest that while the bony anatomy skews, the 
spinal cord and dural sac still attempt to stay midline in the rostral-caudal direction 
resulting in the dural sac and cord being closer to and often abutting the pedicle on 
the left side of the curve.  This extreme proximity to the dural sac, <2mm around 
the apex significantly increases the risk to neurological structures if medial wall 
perforation occurs during pedicle screw insertion. 
In contrast to the dural sac being more at risk from pedicle screw cortical breach 
medially, the aorta appears to be less at risk from pedicle screw cortical breach 
laterally as the curve progresses.  This is because as the right-sided curve increases, 
its distance to the midline and subsequently the left paraspinally placed aorta 
increases.   
While the risk is lower around the apex of the curve, it is important to realise that in 
the upper and lower thoracic vertebrae at the limits of the curve in AIS patients, the 
aorta can often be found <5mm away from the vertebral body, a finding also seen 
in previous studies[35, 69].  Tracking the location of the aorta in left sided curves 
would be of significant interest.  Additionally, while the aorta is further away, 
neurovascular structures such as the azygous vein and visceral structures such as 
the pleura and lungs may be in closer proximity and potentially at risk to injury. 
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 Summary and Clinical Relevance 
The morphologic features of the pedicle in patients with AIS show a distinct 
asymmetric intravertebral deformity, which is most pronounced around the apical 
region of the major thoracic curve. Specifically the left pedicles were found to be 
smaller in diameter in the axial and sagittal planes and more medially directed 
compared with the right side.  These changes became more apparent as the 
scoliotic curves increased in severity; however no clear correlation between the 
two was identified.  Clinically, this translates to important information regarding 
pedicle screw size selection and angle of trajectory for surgeons during corrective 
scoliosis surgery.  Based on the CT results of the current study which analyzed 
thoracic vertebral levels, and taking into consideration the above factors, one could 
advocate the use of 3.5 mm diameter screws for levels T5 to T9 and 4.5 mm screws 
for levels T10 to 12.  These findings are similar to the recommendations of  Catan et 
al. [9] who recommended 3.5 mm screws for T3-T9 and 4.5 mm screws for T9-T12. 
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Chapter 6 Conclusion 
Adolescent idiopathic scoliosis is a complex three-dimensional spinal condition 
characterised by deformities in the sagittal, coronal and axial planes that develop 
during adolescence.  Treatment for this deformity can range from close monitoring 
to bracing to surgical correction of the spinal curve.  Spinal fusion using pedicle screw 
instrumentation is a commonly performed procedure for surgical correction of the 
curve.  Clear knowledge and understanding of the asymmetries that exist in the size 
and shape of the pedicles in the curve is essential to minimise the risk of 
neurovascular or visceral injury through pedicle screw misplacement 
This study comprehensively analysed the morphology of the pedicles and the 
relationship of the vertebrae to critical neurovascular structures using CT and MRI 
imaging of adolescent idiopathic scoliosis and healthy non-scoliotic subjects. It then 
looked at the changes that occurred in the pedicles over time as the patients aged.  
Finally, it assessed the reliability and reproducibility of the measurements through 
intra- and inter-observer analysis.  
Clinically important asymmetry of the pedicles of adolescent idiopathic scoliosis 
patients was identified.  In patients with right sided curves, the left pedicle was 
smaller in width and height than the right periapically.  The trajectory of the pedicle 
was more acute on the right side of the curve.  The aorta was further away from the 
vertebrae around the apex of the curve but was within 5mm at the limits of the curve.  
The dural sac was nearly abutting the pedicle on the left side of the curve near the 
apex.  These findings were not seen in the healthy control subjects.  These findings 
became more apparent as the patients aged, however there was no correlation 
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Appendix 1: Results of CT Measurements 
 
Table 11: Measurements of pedicle width, inner pedicle width, chord length and pedicle length (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Inner Pedicle Width (mm) Chord Length (mm) Pedicle Length (mm) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T4 3.32  ±  0.78 3.27 ± 1.53 0.655 1.11 ± 0.32 1.24 ± 0.52 0.317 31.10 ± 1.97 25.85 ± 10.67 0.655 16.47 ± 2.52 17.67 ± 0.28 0.655 
T5 4.51 ± 1.11 3.98 ± 1.42 0.345 2.10 ± 0.85 1.60 ± 1.06 0.05* 34.13 ± 5.60 35.36 ± 5.54 0.152 17.05 ± 2.44 17.62 ± 2.82 0.552 
T6 4.04 ± 1.32 4.10 ± 1.09 0.876 1.67 ± 0.99 1.60 ± 0.75 0.681 36.69 ± 4.88 36.44 ± 4.24 0.821 17.04 ± 2.01 17.42 ± 2.01 0.543 
T7 3.44 ± 1.16 4.72 ± 1.02 <0.001* 1.31 ± 0.89 2.09 ± 1.03 0.001* 38.36 ± 4.31 37.11 ± 3.92 0.095 16.87 ± 2.31 16.83 ± 1.44 0.709 
T8 3.66 ± 1.00 4.82 ± 1.10 <0.001* 1.52 ± 0.81 2.42 ± 1.06 <0.001* 39.30 ± 3.96 37.88 ± 3.86 0.031* 15.84 ± 2.47 16.31 ± 1.78 0.050* 
T9 4.10 ± 1.57 5.12 ± 1.17 <0.001* 1.67 ± 1.05 2.51 ± 1.14 <0.001* 39.70 ± 3.42 37.88 ± 3.33 0.024* 15.56 ± 2.24 15.94 ± 1.80 0.506 
T10 4.79 ± 1.57 5.34 ± 1.27 0.02* 2.10 ± 1.18 2.70 ± 1.16 0.004* 39.17 ± 2.39 37.33 ± 3.06 0.031* 15.70 ± 2.14 15.44 ± 1.31 0.808 
T11 6.61 ± 1.58 6.49 ± 1.81 0.546 3.83 ± 1.52 3.79 ± 1.89 0.687 39.58 ± 3.73 38.17 ± 2.95 0.091 18.27 ± 3.33 18.00 ± 2.44 0.841 









Table 12: Measurements of transverse pedicle angle, pedicle height, inner pedicle height and sagittal pedicle angle (mean ± standard deviation, * denotes a significant 
difference p≤0.05) 
 
Level Transverse Pedicle Angle (degrees) Pedicle Height (mm) Inner Pedicle Height (mm) Sagittal Pedicle Angle (degrees) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T4 7.02 ± 0.42 7.21 ± 0.08 0.655 9.46 ± 0.85 10.79 ± 1.78 0.180 3.63 ± 1.18 3.76 ± 0.48 0.655 8.14 ± 1.86 7.99 ± 3.43 0.655 
T5 10.64 ± 6.38 10.68 ± 3.99 0.917 9.43 ± 0.98 10.63 ± 1.10 0.002* 3.92 ± 1.36 4.72 ± 1.44 0.087 8.91 ± 2.80 9.81 ± 3.17 0.279 
T6 11.37 ± 4.48 8.82 ± 4.31 0.004* 8.87 ± 1.37 10.88 ± 0.81 <0.001* 4.03 ± 1.86 4.88 ± 1.20 0.042* 9.88 ± 4.51 10.44 ± 3.14 0.502 
T7 12.69 ± 5.93 8.65 ± 3.79 0.002* 9.09 ± 1.24 11.35 ± 0.84 <0.001* 4.04 ± 1.62 5.55 ± 1.03 <0.001* 9.94 ± 4.27 8.75 ± 3.71 0.414 
T8 13.24 ± 5.28 7.66 ± 4.87 <0.001* 10.11 ± 1.05 11.86 ± 0.88 <0.001* 5.36 ± 2.32 5.80 ± 1.23 0.131 9.46 ± 3.68 8.18 ± 2.69 0.181 
T9 19.95 ± 5.69 8.21 ± 4.02 <0.001* 11.66 ± 1.32 12.24 ± 1.00 0.101 5.71 ± 1.78 6.10 ± 1.44 0.200 10.83 ± 3.02 8.70 ± 2.91 0.010* 
T10 8.22 ± 4.46 7.61 ± 4.56 0.615 13.47 ± 1.32 13.39 ± 1.12 0.758 6.80 ± 1.68 7.43 ± 1.45 0.039* 10.76 ± 3.71 8.23 ± 3.81 0.002* 
T11 5.91 ± 4.03 6.33 ± 3.14 0.778 15.48 ± 1.48 14.97 ± 1.49 0.049* 8.32 ± 1.78 8.75 ± 1.73 0.171 8.93 ± 2.74 7.70 ± 4.01 0.136 





 Appendix 2 Results of MRI Measurements  
Table 13: Measurements of AIS scan 1 results: Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, transverse pedicle angle, sagittal pedicle 
angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T4 4.13±1.28 2.84±0.35 0.18 3.65±2.24 2.98±0.26 0.655 31.42±2.73 32.53±1.33 0.180 14.34±2.29 14.29±0.58 0.655 
T5 3.88±0.95 3.63±0.90 0.124 3.62±1.51 3.92±1.38 0.638 34.32±4.01 32.33±2.91 0.064 15.97±2.20 13.97±1.52 0.003* 
T6 4.20±0.95 3.79±0.78 0.021* 3.02±1.31 4.89±2.15 0.018* 34.05±3.61 34.01±3.20 0.689 14.72±1.28 14.54±1.30 0.475 
T7 3.86±0.91 4.20±0.77 0.052* 1.80±1.19 6.19±1.96 <0.001* 35.99±2.68 35.02±3.40 0.97 14.67±1.52 14.85±1.48 0.549 
T8 3.99±0.78 4.57±0.94 0.006* 1.88±1.03 6.94±1.87 <0.001* 25.99±2.83 35.78±2.73 0.607 13.95±0.91 14.59±1.27 0.037* 
T9 4.33±0.92 4.89±1.12 0.009* 1.86±0.85 7.11±1.47 <0.001* 36.06±2.27 37.14±3.33 0.040* 13.77±1.05 14.35±1.45 0.018* 
T10 5.25±1.34 5.64±1.77 0.13 2.53±1.11 6.02±1.12 <0.001* 36.35±2.58 36.49±2.40 0.648 13.87±1.20 14.06±1.40 0.170 
T11 6.33±1.28 6.17±1.25 0.761 3.58±1.30 5.77±1.86 <0.001* 36.01±2.87 36.25±2.71 0.784 14.67±1.46 14.91±1.61 0.627 
T12 6.33±1.37 6.64±1.53 0.179 5.82±2.00 5.97±2.17 0.679 37.37±3.81 38.82±3.73 0.049* 18.57±1.69 18.87±2.58 0.717 
L1 6.71±3.32 7.12±2.08 0.655 8.48±3.61 9.00±1.19 0.655 47.86±3.42 46.93±2.62 0.655 24.86±0.57 21.46±3.92 0.180 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    Left Right P value Left Right P value Left Right P value 
T4    7.53±1.34 8.23±0.48 0.655 14.70±0.43 13.44±0.85 0.180 11.93±1.40 12.64±3.70 0.655 
T5    8.21±1.09 9.01±1.32 0.009* 10.34±4.63 12.16±4.26 0.245 10.19±3.95 11.45±3.09 0.363 
T6    7.73±1.06 8.88±1.26 <0.001* 9.78±4.32 9.86±4.58 0.954 11.30±2.90 11.96±2.77 0.265 
T7    7.92±1.12 9.35±1.17 <0.001* 10.04±4.66 8.67±4.08 0.290 12.06±3.46 10.03±2.95 0.006* 
T8    8.43±1.42 9.71±1.19 0.001* 8.28±4.38 7.41±3.80 0.376 12.21±4.26 10.13±3.95 0.016* 
T9    9.35±1.57 10.07±1.48 0.004* 8.17±3.57 9.46±4.26 0.209 11.49±3.61 10.34±4.13 0.123 
T10    11.27±2.13 11.40±1.78 0.407 7.58±3.75 9.49±2.92 0.013* 10.89±3.42 9.36±2.52 0.032* 
T11    12.87±1.65 13.04±1.68 0.761 5.67±3.15 6.20±3.20 0.584 9.94±2.37 8.51±2.33 0.018* 
T12    12.98±1.52 13.13±1.31 0.438 4.20±2.59 5.60±4.18 0.234 6.87±3.04 5.99±3.21 0.301 
L1    14.81±1.38 12.67±0.58 0.180 8.74±1.70 14.52±6.11 0.180 4.15±1.51 3.64±3.47 0.655 
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Table 14: AIS scan 2 results: Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, transverse pedicle angle, sagittal pedicle angle (mean ± 
standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T4 4.23±1.14 3.52±0.43 0.18 3.69±1.01 2.81±1.29 0.655 31.30±3.67 31.04±3.77 0.180 14.69±1.88 14.28±1.55 0.180 
T5 4.17±0.85 3.56±1.14 0.03* 3.82±1.48 4.51±1.29 0.124 33.36±3.42 32.74±2.97 0.510 15.21±1.72 14.98±1.78 0.975 
T6 4.24±1.00 3.91±0.82 0.189 2.51±1.41 5.56±2.33 0.001* 34.85±2.67 34.14±2.73 0.241 14.83±0.86 14.98±1.18 0.549 
T7 3.75±1.04 4.29±0.96 0.008* 1.64±0.99 6.95±2.10 <0.001* 36.54±2.91 34.87±3.06 0.004* 14.60±1.25 14.86±1.25 0.189 
T8 4.03±1.00 4.72±0.86 0.003* 1.43±1.03 7.76±1.65 <0.001* 37.05±2.91 35.87±2.90 0.009* 14.49±1.67 14.77±1.20 0.317 
T9 4.55±1.12 5.01±1.09 0.007* 1.45±0.94 7.61±1.31 <0.001* 37.22±2.69 36.39±3.09 0.137 13.96±1.30 14.45±1.18 0.76 
T10 5.36±1.48 5.88±1.68 0.026* 2.04±1.26 6.72±1.49 <0.001* 36.58±2.52 36.29±2.55 0.511 14.16±1.37 14.30±1.29 0.53 
T11 6.66±1.75 6.64±1.27 0.831 3.32±1.58 5.70±1.76 0.002* 36.84±2.67 36.05±3.01 0.330 15.17±1.17 15.01±1.17 0.67 
T12 6.80±1.37 6.83±1.53 0.918 5.09±2.03 6.50±2.39 0.134 39.14±2.32 38.39±3.82 0.121 18.92±1.95 18.19±2.20 0.07 
L1 6.55±1.90 6.89±2.18 0.18 7.19±1.99 6.61±0.75 0.655 49.51±1.88 46.17±0.42 0.180 25.83±1.52 21.34±0.53 0.180 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    Left Right P value Left Right P value Left Right P value 
T4    7.65±0.74 8.58±1.52 0.180 17.37±7.90 12.72±3.20 0.655 12.42±2.42 13.27±1.31 0.655 
T5    8.30±1.09 9.31±1.06 0.001* 10.77±4.11 9.33±3.09 0.510 9.75±4.33 10.44±3.08 0.331 
T6    8.26±1.33 9.65±1.19 <0.001* 11.04±3.42 8.06±3.94 0.014* 11.86±4.12 12.18±4.24 0.732 
T7    7.92±1.01 9.83±1.15 <0.001* 11.10±5.74 6.78±3.22 0.009* 11.95±3.58 10.78±3.12 0.021* 
T8    8.97±1.40 10.39±1.40 <0.001* 10.64±4.96 7.06±3.79 0.034* 11.35±2.51 10.32±3.51 0.290 
T9    10.08±1.29 11.07±1.33 0.001* 9.87±4.52 7.65±3.08 0.046* 10.51±3.01 8.61±3.09 0.012* 
T10    12.31±1.77 12.33±1.50 0.977 6.74±3.28 8.26±2.96 0.005* 9.43±2.54 9.11±2.41 0.568 
T11    13.89±1.27 13.76±1.56 0.648 6.52±3.06 5.71±3.07 0.447 10.29±2.44 8.71±2.46 0.013* 
T12    13.85±1.07 13.35±0.98 0.070 5.31±3.52 5.24±2.44 0.679 8.42±3.89 6.58±3.34 0.039* 





Table 15: AIS scans. First scan Left pedicles vs second scan left pedicles. Pedicle width, distance to dural sac, chord length, pedicle length, distance to aorta, pedicle 
height, transverse pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T4 4.13±1.28 4.23±1.14 0.18 3.65±2.24 3.69±1.01 0.655 31.42±2.73 31.30±3.67 0.655 14.34±2.29 14.69±1.88 0.18 
T5 3.88±0.95 4.17±0.85 0.198 3.62±1.51 3.82±1.48 0.221 34.32±4.01 33.36±3.42 0.177 15.97±2.20 15.21±1.72 0.074 
T6 4.20±0.95 4.24±1.00 0.689 3.02±1.31 2.51±1.41 0.021* 34.05±3.61 34.85±2.67 0.253 14.72±1.28 14.83±0.86 0.932 
T7 3.86±0.91 3.75±1.04 0.668 1.80±1.19 1.64±0.99 0.53 35.99±2.68 36.54±2.91 0.253 14.67±1.52 14.60±1.25 0.71 
T8 3.99±0.78 4.03±1.00 0.668 1.88±1.03 1.43±1.03 0.026* 25.99±2.83 37.05±2.91 0.016* 13.95±0.91 14.49±1.67 0.032* 
T9 4.33±0.92 4.55±1.12 0.059 1.86±0.85 1.45±0.94 0.018* 36.06±2.27 37.22±2.69 0.016* 13.77±1.05 13.96±1.30 0.331 
T10 5.25±1.34 5.36±1.48 0.391 2.53±1.11 2.04±1.26 0.015* 36.35±2.58 36.58±2.52 0.668 13.87±1.20 14.16±1.37 0.116 
T11 6.33±1.28 6.66±1.75 0.121 3.58±1.30 3.32±1.58 0.274 36.01±2.87 36.84±2.67 0.036* 14.67±1.46 15.17±1.17 0.039* 
T12 6.33±1.37 6.80±1.37 0.004* 5.82±2.00 5.09±2.03 0.02* 37.37±3.81 39.14±2.32 0.010* 18.57±1.69 18.92±1.95 0.408 
L1 6.71±3.32 6.55±1.90 0.655 8.48±3.61 7.19±1.99 0.655 47.86±3.42 49.51±1.88 0.180 24.86±0.57 25.83±1.52 0.18 
 
Level Distance to Aorta (mm) Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T4 4.98±1.39 4.35±1.54 0.18 7.53±1.34 7.65±0.74 0.655 14.70±0.43 17.37±7.90 0.655 11.93±1.40 12.42±2.42 0.655 
T5 4.17±2.20 4.45±2.18 0.594 8.21±1.09 8.30±1.09 0.551 10.34±4.63 10.77±4.11 0.683 10.19±3.95 9.75±4.33 0.47 
T6 4.42±1.72 5.36±2.25 0.002* 7.73±1.06 8.26±1.33 0.003* 9.78±4.32 11.04±3.42 0.145 11.30±2.90 11.86±4.12 0.475 
T7 5.22±2.34 6.18±2.32 <0.001* 7.92±1.12 7.92±1.01 0.290 10.04±4.66 11.10±5.74 0.331 12.06±3.46 11.95±3.58 0.775 
T8 5.23±2.22 6.72±2.35 <0.001* 8.43±1.42 8.97±1.40 0.004* 8.28±4.38 10.64±4.96 0.004* 12.21±4.26 11.35±2.51 0.29 
T9 4.53±1.60 5.80±2.07 <0.001* 9.35±1.57 10.08±1.29 0.001* 8.17±3.57 9.87±4.52 0.049* 11.49±3.61 10.51±3.01 0.162 
T10 3.86±1.47 4.62±1.87 0.004* 11.27±2.13 12.31±1.77 0.001* 7.58±3.75 6.74±3.28 0.278 10.89±3.42 9.43±2.54 0.016* 
T11 3.26±0.76 3.69±1.37 0.171 12.87±1.65 13.89±1.27 0.001* 5.67±3.15 6.52±3.06 0.171 9.94±2.37 10.29±2.44 0.627 
T12 3.27±0.84 3.35±0.87 0.438 12.98±1.52 13.85±1.07 0.007* 4.20±2.59 5.31±3.52 0.196 6.87±3.04 8.42±3.89 0.034* 




Table 16: AIS scans. First scan right pedicles vs second scan right pedicles. Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, transverse 
pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T4 2.84±0.35 3.52±0.43 0.18 2.98±0.26 2.81±1.29 0.655 32.53±1.33 31.04±3.77 0.655 14.29±0.58 14.28±1.55 0.655 
T5 3.63±0.90 3.56±1.14 0.363 3.92±1.38 4.51±1.29 0.022* 32.33±2.91 32.74±2.97 0.73 13.97±1.52 14.98±1.78 0.004* 
T6 3.79±0.78 3.91±0.82 0.17 4.89±2.15 5.56±2.33 0.015* 34.01±3.20 34.14±2.73 0.732 14.54±1.30 14.98±1.18 0.056 
T7 4.20±0.77 4.29±0.96 0.549 6.19±1.96 6.95±2.10 0.012* 35.02±3.40 34.87±3.06 0.775 14.85±1.48 14.86±1.25 1 
T8 4.57±0.94 4.72±0.86 0.056 6.94±1.87 7.76±1.65 0.002* 35.78±2.73 35.87±2.90 0.391 14.59±1.27 14.77±1.20 0.29 
T9 4.89±1.12 5.01±1.09 0.008* 7.11±1.47 7.61±1.31 0.032* 37.14±3.33 36.39±3.09 0.097 14.35±1.45 14.45±1.18 0.493 
T10 5.64±1.77 5.88±1.68 0.092 6.02±1.12 6.72±1.49 0.005* 36.49±2.40 36.29±2.55 0.607 14.06±1.40 14.30±1.29 0.278 
T11 6.17±1.25 6.64±1.27 0.031* 5.77±1.86 5.70±1.76 0.465 36.25±2.71 36.05±3.01 0.831 14.91±1.61 15.01±1.17 0.33 
T12 6.64±1.53 6.83±1.53 0.352 5.97±2.17 6.50±2.39 0.469 38.82±3.73 38.39±3.82 0.756 18.87±2.58 18.19±2.20 0.352 
L1 7.12±2.08 6.89±2.18 0.180 9.00±1.19 6.61±0.75 0.18 46.93±2.62 46.17±0.42 0.655 21.46±3.92 21.34±0.53 0.655 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T4    8.23±0.48 8.58±1.52 0.655 13.44±0.85 12.72±3.20 0.655 12.64±3.70 13.27±1.31 0.655 
T5    9.01±1.32 9.31±1.06 0.14 12.16±4.26 9.33±3.09 0.008* 11.45±3.09 10.44±3.08 0.124 
T6    8.88±1.26 9.65±1.19 0.001* 9.86±4.58 8.06±3.94 0.049* 11.96±2.77 12.18±4.24 0.775 
T7    9.35±1.17 9.83±1.15 0.012* 8.67±4.08 6.78±3.22 0.030* 10.03±2.95 10.78±3.12 0.909 
T8    9.71±1.19 10.39±1.40 0.007* 7.41±3.80 7.06±3.79 0.607 10.13±3.95 10.32±3.51 0.775 
T9    10.07±1.48 11.07±1.33 <0.001* 9.46±4.26 7.65±3.08 0.037* 10.34±4.13 8.61±3.09 0.006* 
T10    11.40±1.78 12.33±1.50 <0.001* 9.49±2.92 8.26±2.96 0.052 9.36±2.52 9.11±2.41 0.587 
T11    13.04±1.68 13.76±1.56 0.003* 6.20±3.20 5.71±3.07 0.484 8.51±2.33 8.71±2.46 0.584 
T12    13.13±1.31 13.35±0.98 0.179 5.60±4.18 5.24±2.44 0.756 5.99±3.21 6.58±3.34 0.352 





Table 17: Healthy control subjects. First scan left pedicles vs right pedicles. Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, 
transverse pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T5 3.64±0.52 3.83±0.50 0.145 3.09±1.08 3.23±1.12 0.502 32.28±3.15 32.23±3.51 0.911 14.11±1.09 13.99±1.07 0.455 
T6 3.62±0.73 3.80±0.70 0.232 3.38±1.31 3.45±1.23 0.709 33.56±3.17 33.84±3.32 0.478 14.44±1.00 14.36±1.17 0.313 
T7 3.76±0.81 3.76±0.79 0.881 3.41±1.24 3.85±0.98 0.086 34.91±2.58 35.59±2.98 0.1 14.80±1.12 14.37±1.17 0.017* 
T8 3.87±0.68 3.94±0.72 0.218 3.72±0.93 3.76±1.06 0.940 35.83±2.93 36.22±3.36 0.156 14.64±1.28 14.05±1.18 0.010* 
T9 4.17±0.79 4.04±0.70 0.351 3.61±0.78 3.64±0.84 0.940 36.98±3.52 36.57±3.51 0.167 14.47±1.44 13.64±1.32 0.001* 
T10 4.37±0.93 4.54±1.11 0.601 3.90±0.96 3.69±0.94 0.351 36.56±3.23 36.63±3.22 0.970 14.17±1.58 13.57±1.43 0.025* 
T11 6.40±1.55 5.93±1.60 0.086 4.72±0.87 4.30±0.87 0.062 36.08±3.17 35.83±3.41 0.313 14.83±1.48 14.15±1.50 0.037* 
T12 7.22±1.04 7.08±1.18 0.765 5.88±1.17 5.69±1.30 0.502 38.14±3.83 37.68±3.69 0.263 18.24±2.78 17.88±2.96 0.263 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    Left Right P value Left Right P value Left Right P value 
T5    8.21±1.08 8.43±1.11 0.145 8.71±3.15 3.01±4.32 0.852 10.14±3.13 10.79±2.27 0.478 
T6    8.23±1.02 8.54±1.10 0.048* 8.29±4.07 8.48±4.08 0.823 11.22±3.11 10.53±2.09 0.575 
T7    8.55±1.05 8.58±0.94 0.681 6.35±3.27 9.01±4.10 0.012* 11.22±2.29 11.58±3.19 0.391 
T8    8.77±1.23 8.81±0.80 0.709 6.03±3.32 8.76±4.49 0.007* 11.04±2.99 9.38±3.08 0.005* 
T9    9.07±1.29 9.60±1.13 0.030* 6.89±3.20 8.63±4.27 0.011* 10.31±3.54 9.87±3.18 0.709 
T10    10.41±1.49 11.01±1.24 0.073 6.49±3.83 7.96±4.63 0.279 9.73±3.03 10.58±2.90 0.057 
T11    12.39±1.46 12.69±1.51 0.296 5.36±3.06 5.85±2.68 0.681 10.31±3.19 9.48±2.30 0.145 







Table 18: Healthy control subjects. Second scan left pedicles vs right pedicles. Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, 
transverse pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 Left Right P value Left Right P value Left Right P value Left Right P value 
T5 3.85±0.63 3.96±0.45 0.351 3.13±1.15 3.29±0.98 0.502 31.59±3.01 31.85±2.68 0.765 14.23±1.11 14.28±1.12 0.940 
T6 3.81±0.84 3.99±0.71 0.218 3.10±1.22 3.61±0.98 0.044* 33.25±2.68 33.34±2.75 0.940 14.71±1.05 14.53±1.02 0.313 
T7 4.01±0.89 3.99±0.90 0.970 3.57±1.06 3.56±1.21 0.654 34.63±2.69 35.23±2.70 0.135 14.84±1.05 14.66±1.21 0.204 
T8 4.03±0.84 4.03±0.82 0.852 3.87±0.90 3.79±1.12 0.627 34.98±2.38 36.11±2.53 0.001* 14.69±1.35 14.17±1.26 0.003* 
T9 4.26±0.67 4.19±0.75 0.550 3.75±1.21 3.82±1.05 0.478 36.90±2.68 36.87±2.82 0.852 14.38±1.20 13.96±1.28 0.023* 
T10 4.62±0.86 4.76±1.17 0.332 3.78±0.81 3.93±0.95 0.370 26.60±2.59 36.44±2.73 0.627 13.88±1.30 13.55±1.40 0.1 
T11 6.90±1.49 6.47±1.71 0.126 4.46±1.06 4.35±0.63 0.526 35.99±2.81 36.11±2.90 0.737 14.67±1.53 14.44±1.39 0.391 
T12 7.13±1.20 7.11±1.63 0.575 6.12±1.68 5.84±1.50 0.351 37.67±2.79 37.44±2.62 0.263 17.09±1.81 17.24±1.85 0.737 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    Left Right P value Left Right P value Left Right P value 
T5    8.71±1.01 8.92±0.87 0.073 8.67±3.94 8.61±3.78 0.940 10.86±2.00 10.78±2.22 0.7.7 
T6    8.78±0.85 8.99±1.09 0.391 7.73±4.19 7.66±5.16 0.970 10.09±2.99 10.62±2.50 0.681 
T7    9.06±1.03 9.00±0.86 0.601 7.03±3.64 8.98±4.13 0.021 9.13±2.08 10.24±1.99 0.073 
T8    9.27±1.13 9.42±1.00 0.391 5.38±2.94 7.55±3.60 0.009* 9.13±2.04 8.18±1.98 0.067 
T9    9.98±1.00 10.22±1.03 0.332 7.73±3.50 7.46±3.13 0.627 7.85±1.68 7.92±2.34 0.97 
T10    11.04±1.45 11.59±1.38 0.073 6.85±4.48 6.29±4.11 0.370 7.52±2.20 8.68±2.16 0.048* 
T11    13.33±1.39 13.45±1.44 0.433 5.10±2.14 4.67±3.18 0.627 8.92±1.84 8.36±1.68 0.191 







Table 19: Healthy control subjects. Left pedicle first scan vs left pedicle second scan. Pedicle width, distance to dural sac, chord length, pedicle length, pedicle height, 
transverse pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 1st Scan Last Scan  P value* 1st Scan Last Scan  P value 1st Scan Last Scan  P value* 1st Scan Last Scan  P value 
T5 3.64±0.52 3.85±0.63 0.015* 3.09±1.08 3.13±1.15 0.794 32.28±3.15 31.59±3.01 0.126 14.11±1.09 14.23±1.11 0.279 
T6 3.62±0.73 3.81±0.84 0.030* 3.38±1.31 3.10±1.22 0.126 33.56±3.17 33.25±2.68 0.737 14.44±1.00 14.71±1.05 0.030* 
T7 3.76±0.81 4.01±0.89 0.073 3.41±1.24 3.57±1.06 0.263 34.91±2.58 34.63±2.69 0.881 14.80±1.12 14.84±1.05 0.709 
T8 3.87±0.68 4.03±0.84 0.108 3.72±0.93 3.87±0.90 0.351 35.83±2.93 34.98±2.38 0.04* 14.64±1.28 14.69±1.35 0.654 
T9 4.17±0.79 4.26±0.67 0.313 3.61±0.78 3.75±1.21 0.681 36.98±3.52 36.90±2.68 0.881 14.47±1.44 14.38±1.20 0.455 
T10 4.37±0.93 4.62±0.86 0.167 3.90±0.96 3.78±0.81 0.332 36.56±3.23 26.60±2.59 1 14.17±1.58 13.88±1.30 0.247 
T11 6.40±1.55 6.90±1.49 0.006* 4.72±0.87 4.46±1.06 0.167 36.08±3.17 35.99±2.81 0.37 14.83±1.48 14.67±1.53 0.332 
T12 7.22±1.04 7.13±1.20 0.765 5.88±1.17 6.12±1.68 0.526 38.14±3.83 37.67±2.79 0.823 18.24±2.78 17.09±1.81 0.003* 
 
Level Distance to Aorta (mm) Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value* 1st Scan Last Scan  P value 
T5 2.32±0.89 2.47±1.10 0.263 8.21±1.08 8.71±1.01 0.001* 8.71±3.15 8.67±3.94 0.881 10.14±3.13 10.86±2.00 0.247 
T6 1.85±0.73 2.05±0.88 0.263 8.23±1.02 8.78±0.85 0.001* 8.29±4.07 7.73±4.19 0.433 11.22±3.11 10.09±2.99 0.156 
T7 1.90±0.81 1.94±0.97 0.940 8.55±1.05 9.06±1.03 0.028* 6.35±3.27 7.03±3.64 0.247 11.22±2.29 9.13±2.08 0.003* 
T8 1.82±0.60 1.90±0.69 0.247 8.77±1.23 9.27±1.13 0.002* 6.03±3.32 5.38±2.94 0.370 11.04±2.99 9.13±2.04 0.007* 
T9 1.74±0.38 2.03±0.64 0.156 9.07±1.29 9.98±1.00 0.001* 6.89±3.20 7.73±3.50 0.351 10.31±3.54 7.85±1.68 0.007* 
T10 1.78±0.65 1.86±0.61 0.55 10.41±1.49 11.04±1.45 0.001* 6.49±3.83 6.85±4.48 0.765 9.73±3.03 7.52±2.20 0.008* 
T11 2.25±0.87 2.30±0.78 0.654 12.39±1.46 13.33±1.39 <0.001* 5.36±3.06 5.10±2.14 0.737 10.31±3.19 8.92±1.84 0.145 






Table 20: Healthy control subjects. Right pedicle first Scan vs right pedicle second scan. Pedicle width, distance to dural sac, chord length, pedicle length, pedicle 
height, transverse pedicle angle, sagittal pedicle angle (mean ± standard deviation, * denotes a significant difference p≤0.05) 
 
Level Pedicle Width (mm) Distance to Dural Sac (mm) Chord Length (mm) Pedicle Length (mm) 
 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T5 3.83±0.50 3.96±0.45 0.179 3.23±1.12 3.29±0.98 1 32.23±3.51 31.85±2.68 0.391 13.99±1.07 14.28±1.12 0.232 
T6 3.80±0.70 3.99±0.71 0.062 3.45±1.23 3.61±0.98 0.55 33.84±3.32 33.34±2.75 0.351 14.36±1.17 14.53±1.02 0.391 
T7 3.76±0.79 3.99±0.90 0.017* 3.85±0.98 3.56±1.21 0.191 35.59±2.98 35.23±2.70 0.455 14.37±1.17 14.66±1.21 0.117 
T8 3.94±0.72 4.03±0.82 0.145 3.76±1.06 3.79±1.12 0.911 36.22±3.36 36.11±2.53 0.601 14.05±1.18 14.17±1.26 0.601 
T9 4.04±0.70 4.19±0.75 0.279 3.64±0.84 3.82±1.05 0.391 36.57±3.51 36.87±2.82 0.332 13.64±1.32 13.96±1.28 0.073 
T10 4.54±1.11 4.76±1.17 0.067 3.69±0.94 3.93±0.95 0.126 36.63±3.22 36.44±2.73 0.526 13.57±1.43 13.55±1.40 0.852 
T11 5.93±1.60 6.47±1.71 0.002* 4.30±0.87 4.35±0.63 0.881 35.83±3.41 36.11±2.90 0.526 14.15±1.50 14.44±1.39 0.179 
T12 7.08±1.18 7.11±1.63 0.455 5.69±1.30 5.84±1.50 0.232 37.68±3.69 37.44±2.62 0.502 17.88±2.96 17.24±1.85 0.247 
 
Level  Pedicle Height (mm) Transverse Pedicle Angle (degrees) Sagittal Pedicle Angle (degrees) 
    1st Scan Last Scan  P value 1st Scan Last Scan  P value 1st Scan Last Scan  P value 
T5    8.43±1.11 8.92±0.87 0.004* 3.01±4.32 8.61±3.78 0.575 10.79±2.27 10.78±2.22 0.709 
T6    8.54±1.10 8.99±1.09 0.004* 8.48±4.08 7.66±5.16 0.232 10.53±2.09 10.62±2.50 0.627 
T7    8.58±0.94 9.00±0.86 0.007* 9.01±4.10 8.98±4.13 0.911 11.58±3.19 10.24±1.99 0.179 
T8    8.81±0.80 9.42±1.00 0.001* 8.76±4.49 7.55±3.60 0.179 9.38±3.08 8.18±1.98 0.015* 
T9    9.60±1.13 10.22±1.03 0.002* 8.63±4.27 7.46±3.13 0.279 9.87±3.18 7.92±2.34 0.010* 
T10    11.01±1.24 11.59±1.38 0.005* 7.96±4.63 6.29±4.11 0.093 10.58±2.90 8.68±2.16 0.008* 
T11    12.69±1.51 13.45±1.44 0.001* 5.85±2.68 4.67±3.18 0.247 9.48±2.30 8.36±1.68 0.048* 
T12    12.78±1.28 13.50±1.25 0.001* 4.65±2.38 3.81±2.72 0.135 6.49±2.17 7.60±2.75 0.156 
 
